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PREFACE

The research presented 1in thls paper represents the bulk
of the work performed on the numerical integration of simple
non-linear atmospheric models by the Numerical Prediction Project,
a group Jointly supported by the Geophysics Research Directorate
and the Alr Wecothor Service, during the period from the project's
activation in February, 1953 to August, 1954, Members of the
project are connected with the Directorate's Atmospheric Analysis
Laboratory.

Partly to determine the operatlonal feasibllity of the models
then avallable for numerical forecasting pur—-noses and partly to
lay the foundation for a systematic researc.. 'rogram in numerical
prediction, 1t was dccided to examine the pertormance of the fam-
iliar barotroplc model and of a simple baroclinic model under 4
wide varlety of synoptic conditions. The month of January, 1953,
was selected for this test, comprising a continuous series of 60
cases.

The efforts of the members of the project were then focused
on the development of a sultable barociinic model, the plotting,
analysls and tabulation of the required synoptic data, the design
and construction of the programs and codes for sclution on a high-
speed computer, and finally on the analysils and interpretation of
the results, The overall organlzation of this effort was directed
by Major P. D. Thompson, who was alsc responsib’e for the develop-
ment o' the thermotroplic equatlons tested, The analysis and tab-
ulation of the synoptic charts was supervised by Mr. C. F. Jenkins,
while the calculation and summary of the statlistical properties of
the forecasts was supervised by Dr. I.. 5. Pocinki. Dr. W. L. Gates
asgisted Major Thompson in supervision of preparation of the numer-
feal forecasts, and was responsible for .. :development ¢f the
thermotropic code, The code for aclution of the barotropic model
was written by Major H. A. Zartner., The successiul completion aof
the tests was materially nlded by other members c¢f the project
during this period, including Mr. L. Derkofsky, Mr. E. J. Aubert,
Major J. F. Blackburn, Lt. M. E. Stern, Mr. J. J. Paznlokag,
Lt. Patricia Hayes, and Sgts. D. Casey and D. Grennan. Specinl
recognition is due Mr, E, A, Bertonl for his preparaticn of the
‘igures in this report. M¥r., W. S. hering and Mr. ¥W. D. Mount of
the Atmosrherlic Anaiysis Laboratory asslisted in veritication and
synoptic summary of the {orecnsts.




PREFACT (Continued)

The detalls of the theoretical development and a state-
ment of the overall results have been presented 1n a separate
paper. This paper has been prepared to present the detalled
analysis of the results of this seriles of numerlcal forecasts,
in the hope that they may serve as a standard of comparison
wlth other methods of prediction and allow the improvement of
such techniques of dynamical prediction through the focusing
of further research on thelr inadequacies. In particular. it
Is hoped that the statistical and synoptlc analyses = tn.
results will permit an evaluation of these techniques by
synoptic meteorologists unfamiliar with the thecretical aspects
of numerical prediction. To further these purposes the actual
24 -hour numerical forecast charts for 1500 G.C.T. of each day
of ithe series are presented in the appendix to this paper.
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ABSTRACT

Following a resume of the theory of thermotropic flow,
a simple baroclinic model in which the direction of the
thermal wind 1s assumed invariant with height, a discussion
of the methods employed for the numerical integration of
this model and the barotropic model is presented.

On a finite-difference grid of U414 points covering
the Tnited States and immediately surrounding regions, a
series of sixty comparative 24-hour forecasts during Jan-
uary, 1953, at the 5006 and 1000 mb levels was obtained by
relaxation methods. The median correlation coefficients
between the forecast and observed 24-hour height changes
were 0.58J for both thermotropic and barotropic models at
500 mb and 0.69 for the thermotropic model at 1000 wb. 1In
compariscn with a method of pure interpolation, the numer-
ical forceasts are shown to display a positive "skill"
townrd the center of the forecast reglion where the influence
of the lateral boundaries 1s smallest. By normalizing the
root-mean-square feorecast errors to allow for the normal
latitudinal variation, the Rocky Mountains are found to
cxert a marked influence on the forecasts at both 500 and
1000 mbs over the scuth central United States.

From a synoptic point of view, the numerical forecasts
are Tound to compare favorably with conventional forecasts
for the same period, although they anpear to introduce a
small but systematic tendency to move fully developed dis-
turbances too slowly. This error is felt to stem from the
truncation errors of the finite-difference schemes employed.

Recommendations for further rescar:h to reduce the

several sources of error and tO extend the physical basis
ol' the model are made.
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RE3SULTS OF NUMERICAL FORECASTING WITH THE BAROTROPIC
AND THERMOTROPIC ATMOSPHERIC MODELS

1. General Intrcduction

During 1952 a number of workers succeeded inr
devising several alternative baroclinic models (approxi-
mate formulations of the general theory of baroclinic
flow) that are workable from the computational standpoint,

{ and which contain some of the ingredients essential to the

intensifications of weather disturbances. Thgse models

include the two-parameter model of_Ellassen ,€ the so-called

"2 1/2-dimensional" modeluof Eady,” the equivalent-baro-

clinic model gf Thompson, ' the two-level model of Charney 6

and Philllps,” and the two-layer model of Sawyer and Bushby.

All are substantlally equivalent.

These methods had been applied in a few selected
cases of rapld develcopment with very encouraglng results;
the coefflcients of correlation hetween the observed and
predicted behavior ol the height of the 500 mb surface
aeraged around 0.7, and indicatled that numerical methods
might be successfully applied in situations of strong
{ cyclogenesls. Since these results could be assumed to hold
In less extreme weather situations, 1t was generally agreed
that the methods of numerical weather prediction showed
gromise ot producing a significant increase in the accuracy
ot short-range torecasts. These methods might also be ap-
plicd on an operational kasis.

I must be emphasized, however, that even the
simpivst o these baroclinic models had been applled only
In a foew apeclallr sclected and rather unusual cases. It
thepefore appeared reasonable that several methods of
numerdcal prediction, varylng as to gernerality and com-
vleoxity, should be subjected Lo extensive comparative tests.

The present serles ol tests was counsequently
crganized with the following generai objectives in view:
{1) to establish the over-all accuracy ot several existing
methode, by applying them to a standard, representative
aumple of weather situations, and therby lay the foundation
“er a continuing program of research in numerical (Core-
casting, and {2) to develop and stundardize procedures for
producing Corecasts on a regular basis {'rom existing or
anticipnted methods of numerical prediction.




This research program involved the performance of
a comparative se. ies of numerical forecasts, based on differ-
ent methods of prediction but on the same observational data.
It was planned to compute 12- and 24-hour forecasts from 69
consecutive sets of initial data spaced 12 hours apart, in
the expectation that errors could be more easlly isolated and
anal - zed in a consecutive series than 1in a series chosen at
random from a larger sample. The month selected for study
was January 1953, when radiosonde and rawinsonde observations
over the United States were quite dense, and when a fairly rep-
resentative varlety of weather condltions prevalled over the
continental United States and environs.

Lfter preliminary study, 1t was decided to compute
forecasts from the equations for the barotropic mocdel and for
the so--1lled "thermotropic" model, a vertically-integrated
two-pa..meter model summarized in Section 2. Comparisons te-
tween these two parallel series of numerical predictions, the
changes actually observed to occur, and the forecasts prepared
by conventicnal methcds would, of course, comprise an essentlal
first step toward the objectives of the program. These com-
parisons from both a statistical and a synoptic viewpoint are
presented in 3ections 3 and 4, wherein the present technique
and theory of numerical prediction 1s evaluated both as a re-
search tool and as a forecasting technique.

2. The Numerical Integration of the Thermotroplic Model

2.1 Resume of the Thermotropic Equations

The derivatlon of the thermotropic Juaticns for an
adiabatic, frictlonless atmosphere in hydrostatic and quasi-
geostrophl¢ balance has heen described in detall by Thempson
and Gates,* but will be summarized here in order to provide an
introduction as well as a background to the detailed discussion
of results in subsequent chapters. This so-called thermotropic
model 1s a baroclinic two-parameter model for vertically-inte-
grated flow, of which the basic meteorological assumption is
that of an isogonal thermal wind, i1.e. the direction of the
wind shear does not change with height although the magnitude
of the shear may change. In terms of the temperature, T, the
thermotropic or two-parameter model may be characcerized by
the equation,

VT = F(p) 9T
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where § 1s the isobaric gradient vector, and where T

. - (J

= Fo f.’ T»\/,b , with the function F(p) expressing the
(magnitude) variation of the thermal wind vector. This
characterization of the atmosphere's baroclinity ls es-
sentially that embodied in the two-parameter or 2 1/2-
dimensional models of Eady, Sawyer and Bushby, and
Eliassen; 1t may aliso be shown to be the essentlal basis
of the two-layer baroclinic model of Charney and Phillips.

Neglecting the vertical advection of vorticlty,
by assuming that the relative (geostrophic) vorticity is
much less than the Coriolis parameter, and neglecting the
terms in the vorticity equation which represent a "twisting"
or re-orilentation of the vortex tubes, the equations of the
thermotropic model may be written:

(1" Z 23%) . a0F = T o
VoE *T (BT Q5 K T(5,7%F) + 28 7(5-3,F)=g
Q)
(v‘-,u‘)“ + T(¥,0%¢) 3.0 206
5% ) +J(3.9°%) +LT(30*¢)

?é 2v(3 4 - -
‘*?5%"/‘ T(% ¢) +€%£(_;_E:;3 T(¥-4,%) =0,

(2)
.aj."l)d, , and ya ga/a

is a stream function for isobaric contour height 2 ; ?, RT/2
is a stream function for temperature, and is the elevation

o& the terrain. In these equations % is the Coriolis parameter,

is the gas constant for dry air, T, 1s a representative

temperature at the isobarlc surface 4, near the ground, is
the gravitational acceleration, s 22 /9’ is the northward
rate of' change of the Coriolils parameter 4 Y. These equations
have been written in the familiar %,4,9 coordinate system,
with the positive % and 4 axes directed eastward and northward,
respectively. All differentiations indicated by the Jacobian

operator J(a b)= (u/")(“/;,)-@./3,)(3‘/;,) and by the Laplacian

The bar-operator (1) = p,




2 2 2 2
operator via = da/fix*+ 94/3 2 , are to be carried
out with the pressure-P held fixed, as are differentiations
with respect to the time ¢ .

Equations (1) and (2) are the basic dynamical
equations governing the behavior of the thermotropic model.
The first three terms of Eq. (1) will be recognized as simply
those of the barotropic model representing the local vorticity
changes due to the individual conservation of absolute vorti-
city. The fourth term of Eq. (1) represents the rate of pro-
duction or destructlon of mean vorticity by the advection of
"thermal" vorticity by the "thermal” wind, such that absolute
vorticity will be increased in a disturbance when the thermal
trough is "lagging" behind the contour trough - an easily
recognized and well-known synoptic conditlon. The last term
in Eq. (1) represents the mean vorticity generation due to
the effects of terrain-enforced vertical moticns, such that a
vorticity increase or cyclogenesis tends to occur in strong
flow on the lee side of elevated terrain. The several terms
of Eq. (2) can be similarly interpreted as due to the effecus
of elther thermal or contour vorticity advections or to the
effects of terraln-induced vertical motions; the sixth term
of Eq. (2), however, represents the effects of mean vertical
motions on the changes of thermal verticity, and trnereby
explicitly Iintroduces the thermodynamical relation for
adiavatic flow into tne system.

By introducing the concept of an equivalence level
in the middle troposphere, at which the mean wind is equal to
the verticaliy-integrated wind, the equations of the thermo-
tropic model may be written in terms of the helght of a selec-
ted isobharlce surface, say 00 mb., and the height of an
Isobarlc surface near he ground, say 1000 mb., With this
fdentiflcation, Eqs. (1) ard (2) become for flow over perfectly
flat terrain (?:o ):

2('%%)+2£_3‘(;,9‘&)+Q'%-§ *EKTL, )= @)

(v*- ")%—e‘- -+ 3 =~ T(¢, ?*4) +g..:r(lve)
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where ¥+ 1s th¢ 500 mb height, and {. is the 500-1000 mb
thickness. Tie factor € embodies the effect of the height
of the level of equivalence in this model and 1is given by,

co (2-Flpr)"

where b is the mean pressure, $ = 1@ /g_ , and f* is the
pressure at the equivalence level, taken to be 600 mb.

The thermotropic coefficients K and L which

appear in Egs. (1-4) are defined by the theory to be func-
tions of pressure alone, and are given by Thompson and

Gates,l
k= 2(§(Tray) -1 ©

b mc -2 Grremw-)] o

where F(?) 15 the thermotroplc parameter describing the
vertical variation of the wind shear as introduced earlier.
The quantity m* is a measure of static stability and is

=iven by,

» o 2 3‘(17)
2 (F-¢.>(zn -84 (11x)) ! (8)

with X= R.lc.,. » Cr haing the specific heat of alr at

the simplified dynamical formulas, Eqs. (3) and
(%), are naw to be solved by an iterative procedure wherein
the system ia regarded as linear with the time derivatives
of @ and .L a8 the dependent variables, and all other
‘erms regarded as known non-homogeneous members of the
vquatlons., Starting from the known initial distributions of
500 mb helght & and 500-1000 mb thickress 4 , all terms
not invelving time derivatives in Eqs. (3) and (4) may be
evaluated, a solation carried out to obtain 9& /3¢ and 94/3¢




from the resulting Poisson and Helmholtz equaticns, respec-
tively, and filnally a time-extrapolation made from 9%/31-,
and 'M,/’bt to regenerate & and A a short time later
than the initial data. This iferative process may then be
repeated cyclically until the aggregate of the time extra-
polations is equal to the desired period of the forecast.

The actual solutions of Egs. (3) and (4) were
carried out on a rectangular finite-difference grid, and
for variables expressed in non-dimensional measure. 1In
the numerical solutions, the selection 4* =600 mp was made,
resulting in ¢z 0,86 when 'F= So0omp.  The thermotroric
coefficients K and L in these equations were assigned the
constant values 0.28 and -0.18, respectively,® which were
determined ry fitting the observed winds over North America
to an idealized wind profile for a series of ten cases
selected from January, 195%. In the expression For'/uz,
as pgiven by Eq. (8), the factors in parentheses ..r= found to
be nearly constant for the same series of cases, with ,a‘an
averace value of + 5.0 X 107/8 e 2 | uwhich was accordingly
used throughout the zeries of integrations.

Accounting these modificatlons, Eqs. (3) and (4)
may be written in non-dimensional form, with the omission
of primes understood, and for a rectangular grid, as follows:

2,192
8% (5¢) = 086 A, 1,(+,6™) vo.244, £, (4,0%)
> 3
*OALL +A.u. 4,3

TR @

(a+ 8‘,-/4#9)(%% = =086 A:.J. T; (-4, 8%2=4)
= 0.86 Ay i (3,0%%) -0.70 AT (4 0%4)
’
+ A‘.u. ok + A by h +086 D'J L; (k)
= Hylxy), (o)

¥For a linear wind profile, sgch as that embr~*~3 i i

equivalent-barcclinic model,™ the values corresponding to
the thermotropic coefficients K and |, are 1/3 and zero,
respectively.,

0




|
-sr. ¢ coefficlents A:.J. >A1"J'> A"' and B;j are point-wise

variavle and given by, y
Al = —_2H o
) b an2t0
Az,; = - 3""“4;_" e S Uz,)
pl = - ?M«'.!:m e ‘ 03
)
B';J' - - —’%—?}—-—“- . ('4)

Here M 1s the reference unit of contour height (such that
t's eH"' , where @' is the non-dimensional variable), SfL 1is
the reference unit of non-dimensional frequency, L is the
mesh constant of the finite-difference grid, om and s are
the mapplng or ccale factor and the cone constant, . .pective-
ly, of the projection on which the calculations are performed,
and ¢ 1s the longitude deviation of a grid point from the
meridlan about which Ihe grid is symmetrical (¢ > 0 to east).
In the present case, £2 2.2 ¢ ©On the WBAN-1 synoptic chart, a
Lambert conic conformal projection whose scale factor is

mz (Rivg)as8a [ 4am (T/2-0)/2]" where R/Pg 1is the
ratlo of the pole-to-equator distance of the map to the earth's
radius, @ 1s the geographical latitude, and m=2 0.7156 the
cone constant. The unit W was taken for convenience to be
100 ft, SL as ()dey)™, and the reference unit of length
L=md& was taken as the distance between adjacent grid points.
Thus, while the "physical" ccefficients K, and A* of the ther-
motropic equations have been taken as constants in the present
solutlons, the "geographical" coefficlents 2, p and m have
been allowed thelr full % Y variability.




The finite-difference operators used in Egs. (9)
and (10) are given by,

‘J Ax()u‘j: ()

i+ = )t—nj )

2
AC)y = Opept Uieay + Ojaa + hogg =4 )y

and
T4,b) = Byagbyb, = A,a; Ayb

)

where L and J denote measure along the now rectangular 1;’
axes of the grid, respectively.

In addition to the numerical forecasts for the
500 mb height and 1000 mb height (or 500 - 1000 mb thick-
ness), forccasts of the averagze vertical motion were made
from the first law of thermodynamics for adiabatic flow in
the form,

3 L o ¢."(|+X)$ -
¢ 5% +J‘(w,¢)+< 5 )&3 = 0, (15)

where ) = (3;74{) ~ oW with € the density and
wWe d;/dt . When written in finite-difference form for
the non-dimensional variables 8 and 4 , the vertical motion
equation may be written,

[ _ 4p

=) -)

where N = 71?(57‘) (6-0ek)&) . The coefficient N was
found to be approximately constant, and was assigned the
average value=11.2 (dimensionless) throughout the calcula-
ttons.

2.2 Method of Numerical Integration

With selected boundary conditions, the method of
solutlicn consisted of the determination of the tendencies
dv /8¢ and /%t by a relaxation method, followed by
an ex:rapolation over a short time interval tc generate new
initia! data, after which the entire process was repeated




until forecasts of the desired length werc obtalned. The
finite-difference expressions, Egs. (2) and {(10), are to

be regarded as applying to the finite-difference grid shoun
in Fig. 4.1, Section 4. This ig¢ a square zrid of 18 x 23%
points, spaced approximately 2 1/2° latitude apart and
covering the continental United States, zouthern Canada,

and the immediately surroundin® territory. Thils ¢rid pro-
bably has sufficlent resolution to faithfully display the
larg -scale disturbances, ond does not appear to emphasize
small 1rregularities in the analysis of initial conditions.
With the presz=ntly employed methsd of determining vortlicity,
ths complete non-homogensous ternc of Equ. (0) and (10) z2re
determined only on and within the tnied interior crid polnts,
yielding soluticns for 23 /2¢ and 2& /2t on an laterior
grid of 12 x 17 points,

The first step 1a the solubtion of Eqo. (9) wurd
1C) at each net noint conclsted of the culeulation of a
et

(
] of residuals zlven by,

3
Ry= () -2, | 1)
us)

for the = and £ - equations, recpectively, where (82 [d%)
and (F4/8¢) are a set of Lnitial solutlon estimntes., For
tw0 , these tendenclen were tuken us the astuslly absoerved
28 -hour changes, centerad on the Initlal instant; for lutor
times, €20 , they were taken as the moust recent solutlons,
1.e., the solutions for the lmmedintely precedlin: tlame starse.
The residues penerated in this munner were provably some.hat
larger for the first step In the Jteration precca: than for
the subsequent ones, with o consequent lhcreidce In the ree-
guired amount of lnitlal relaxation.

The relaxatlion itselfl uroceeded by means f o
modified form of the extrapolated Lictmann proccuas,t 2ce-
cording to which the residues g‘j and S‘i as computed rom
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Egs. (17) and (18) are regarded as a measure of the
"error" of the estimated solution, and are "corrected"
by an amount depending upon these residues according

to the process,

5
( -%). J (19)

o), = (&) +=Ry

3, 5
(%), = (;f)omsy ) (20)

where the subscripts denote successive approximations
In the relaxation process. Here e 1is a coefficlent
of over-relaxation, defined as,

« = é(o(r-&dk) (21)

where e 13 the over-relaxation coefficient of
Srankel, ! designed to glve optimum conversence,

-1
= % [H- Sin cos .‘i(asl%,,. Cos '{- )J ‘ (22)

with ’f:’i,m-!.$='w{| , €qual to the number of
sria intervals along the 2 and M axes, resgec-
tively. 1n Eq. (21) ®p is the so-called Richardson
relaxatlion coefficient, a constant and equal to 1/4,
For the grid employed in the present solutions, the
averuapge of these two coefficients was found to 0.54,
and was employed throughout the calculations. Use
of this coefficlent undoubtedly speeded the conver-
sence of the relaxation relative to the Richirdson
process, at least during the earlier stages; the

use of the full Frankel coeffliclent o¢g was not
attempted, although it 1s pessible that this may
have speeded the relgxation convergence still more.
Charney and Phillips” have, in facy, found the use

10




of such an average over-relaxation coefficient to prod-
uce the most satisfactory convergence iu the solution
of similar =quations.

The r=laxation cycle, &s represented by
Eqs. (19) and (20), was repsated in successive row-
by-rov. scans of the grid until the residuces cverywhere
and simultaneously satisfied the conditicn,

\Ryl, Isyl < €,

at vhich point the approximations 92 /it and Sk /&%

were assumed te be sulTiclently close to the
actaal tendencles. With € = 10 §t day™
representing the maxlmum dloposavle residue, an
average of six scans of the crid Jere roquired to
satisfy thils convercence conditicn at each stage of
the solutieon,

Upon complerion of the relaxatlon as
described above, the iteration process, or the ad-
vance of the solutlions in time, uas carried ouv by
use >f the "centered" extrapolation lorpula,

M+ m =l o\
L = v + 2 bt ('H:) ) 23)
here me L2, e denotes tihe !teration

stade, Q¢ the increment of time ovur uhich the
valutlons are to be extrapolated, and arz ¥ er 4\.,
the variables of the thermolrople model. Having
selected the grid polnt spaciag Ag ' :ferehund
to falthfully portray the large-scale d:oturtances,
the time increment At  was seleoted onie hour
In crder to satisfy the Courant-Friwdﬁivhs-LcAy
erjterion of computational stability.Y For tao-
parameter or two-layer models of the :2rt hera
considered. and for the lteration scheme of EQ.123),
the condition that the solutions not ori.. ¢xponen-
entlally with time 1o approximately of the form,

As
"&'t‘ ; T-z-‘ CM“‘ }

uwhere CM“ Is to be Interpr kgd 10 the maxi-
mura particle upeed in the flow.’? The selection

11




of At= |8r proved computationally stable for all
cases examined. (See, however, footnote, page 18)

For the first hour's forecasts, Eq. (23)
must, of course, be replaced by a "forward" extra-
polation formula,

vz vt sat () (24)

The lateral boundary conditions required
in tne solution of Eqs. {9) and {10) were taken as
the observed 24-hour changes centered at the initial
instant £ =06 in an effort to specify the boundary
tendencles during the initial stages of the soluticn
as correctly as possible. Thils is prcbably an
adequate boundary conditicn for some research pur-
poses. In operational application, however, a
boundary tendency cbtalned solely from past data,

a synoptically-estimated tendency, or a zero tend-
ency will have to be used for this type of solution.
To permlt the regeneration of initial @ and

data on the original 18 x 23 grid, these boundary
condivions were speclified on the three outermost

srid rows, and were held fixed throughout the
forecast period of 24 hours.

2 5 The Program for Machine Solution

The finite-difference e¢quations for the
thermotropic medel were programmed and coded for
the IBM Model 701 electronic calculator, a high
specd digital computer of the stored program type.
The program itself was divided into scveral log-
fzal blocks or subroutines as follows:

(1) Basic initialization. This
portion of the preogram preparcs and positions the
initial data input, and sets various program
controls and internal tests Irto readlness.

* The basic engineering and performance charac-
teristics of the 701 computer are Jdescribed
and compared with those of similar machlnes in
Proc. T.R.E., Vol. 41, No. 10, Oct. 195>,

12




\?)  Caleulntlen of non-homorcuenis terny,
Thig sub-program cnleulates the several memhers of
and M In Bga, {9) and (10) using the
fluite=dirtorcoces dincusaed werller

(3) Caleulution of residues and relus-
wlon,  This portion of the promram computus the
rericunla from Pgs, (17) oac \lb) correspondine to
Live vardoltles o oand n, ucinuy che inltilally-lioaded
obuzrvad changoes ags ® Lot approvumation for ¢ = 0
civ b ~olut ons at ts(m=1)A for tamat. Thac
relaxoation ls then performed accordin: to Egs. (19)
ond \40,. the soluticon of cach equation heing
tomoloted separately.

(¥) TIteration. Thlc subprogram carrie
2t tne extrapolations of Bgu, \u)) and (24) and
Toarehy reprezeonte, frow snc polint of vjaw, the
petual numerleal "intes ribisns" af the covernliag
<guaticne in time,

{5) Calculation of vertical moticon.
Thio ocirtlonn of the program & 2z utilized only at
t = 0, 12, 24 hours, and comgutes the aversge ver-
tical valocitv according to Eqg. 16). These com-
putations at ¢ = 0 are shown 1r, the Avpendisxn,

Each of these subroutines i character-
1zea vby: (2) an initial series of orders or
macnine instructions in which the addresses [data
lo:ations in the computer's electrostatic memory)
of the pertinent data and constan.c are
Tinitialized" or set to the beginning of the finits-
difference grid; (b) a sequence of inusgtructlons by
means of hich the actual calculation- is performed --
e.y. addition, multip;icat;on and [c¢) & series of
instructions which "modify" or aiter the addresueu
of the data used in the calculations in nrder that
the computation may proceed to the neait zrid onoint.
The s=quence of steps (b) and (c¢) is repeated
cyclically untlil the required computatle:n has been
performed for each poilnt of the finit:-d.fference
orid.

While the approximate character of the
resultz from the machine integratlion of the ther-
motropic model could, of course, bc anticipated
to some extent, it was found necessary to carry out




- ———— o — o o e

- -—

—— e

- - -

a careful manual calculation of the instantaneous
tendencies 2% /2t and 2A /2t 1in order to obtain a
detalled verification of the correctness cf the
design and operation of the code. These calcula-
tions allowed, furthermore, an examination of the
round-off or truncation error allowable in the
machine, and made possible a more nearly optimum
selection of the constants o and € and a
consequent speeding of the relaxation process.

While executing the thermotropic code
for a 24-hour forecast at 500 and 1000mt, the
machine performs abtout 500,000 multiplications,
approximately half of which are made in the course
of" the relaxation process, performed each hour for
Eqs. (9) and (10). In addi%ion, the machine exe-
cutes approximately 15,006,000 additional orders
in the course of the forecasts. All of the cal-
culations are performed completely in the machine's
hign-speed electrostatic memory, without the
assistance of auxiliary storage units such as
navnetlce dreums or magnetlc tapes; for a larger
program or when a larger finite-difference grid ls
involved, the use of these lower-speed storage
anlts will probably be a necessary ingredient of
vhe progran. In 1ts present form, the thermotropice
program requires appreximately 29 minutes for the
prodaction of 12-and 2%-hour forecasts at 500 and
1000 mb, togetiner with the forecast vertical mo-
tions; tuls time includes about one minute for
loading the program into the calculator, and
dpproximately three minutes for the awiomatic
crinting of the forecasts, In all, a votal of
sixvy 12-hour feorecasts and sixty 2&-hour forecasts
were prepared at bteth 900 and 1000 mb from this
code, startving with the 1500 G.C.T. syncptic chart
for 1 Jan., 19%3, and including each 0300 and 1500
3.C.T. ¢hart through 0300 G.C.T. 51 Jan., 1993,

2.+ Integration of the Barotropic Model

A: the second model in this sories of
comparatlive numerical integraticns, the tarotroplce
model representing the behavior of a frictionless
adfatatic atmosphere in two-dimensional, non-
divergent motlion over flat terrain under hydrestatic
and quasli-geostreophic talance was examined. This

14




model may, of course, bhe recognized as a speclal case
of thermotropic flow. When the 500 mb surface is
identified with an equivalence level representing the
mean motion of the atmosphere, the governing equation
of the barotropic model may be written,

2 .22
5t) + 3 2 % o
v ( t) ii' ‘T(%JV%) +?5’;“o)

where the symbols are as defined earlier. For the
barotropic model, the equivalence factor ¢ was taken
as unlty. Upon the introduction of a scheme of non-
dimensional measure and finite-differences as for
the thermotropic model, Eq. (25) may be written,

2/ R
A ( ﬁ),{ = A.',j I;s(*;bt%) ‘f‘A?.;‘ AX;' + Ai Aai' ,

The solution of Eq. (2b) proceeded exactly
as in the case of the thermotroplic equation for 50§
mb flow. After the computation of residues, the
relaxation proceeded with the same lateral boundary
conditions, over-relaxation ccefflclent o¢ ,
maximum disposable residue € , and the same
iteration process as for the thermotropic solutions.
The code of approximately 600 Instructlons was
written by Major Zartner and requices an average of
five minutes for execution on the IBM 701 computer,
including the performance of the lcadinz and print-
ing routines, In the barotropic case there is, <f
course, only a forecast of 500 mb height changes,
and no infarmation regarding the 1000 mb changes
and associated vertical motion was obtalned,

3. The Statistical Swrmary and Analysis of Forecasts

3.1 1Introduction

Upon coupletion of the integration of the
barotropic and thermotrop!. models for the series
of 60 cases, 1t became a primary concern to es-
tablish some measure of the accuracy o>f the thermo-
tropic and barotropic forecasts, and to compare
the results of integrating the thermotroplic equstions

15
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wlth those obtained from the barotropic equation.
Although meteorologists generally recognize the short-
comings of the linear correlation as a measure of
forecasting accuracy 1t is nevertheless the most
commonly employed statistic. It was therefore de-
cided to compute the linear correlation between the
forecast and observed height changes for each series
of numerical forecasts. 3ince the correlation is
principally sensitive to phase differences the root
mean sguare error was computed in addition to fur-
nish a more amplitude-sensitive measure of accuracy.

It is unfortunate that the correlations
obtained here are not directly comparable with those
presented by other investigators, since the results
depend on the size and location of the forecast region
and on the nature of the boundary conditions used for
a particular calculation. In fact, the possibility
of making such a controlled comparison was a major
motivation of the present work in which the sclutions
of two numerical prediction models, the thermotropic
and barotropic, were produced under identical con-
ditions.,

While Charney and Phillips5 have com-
pared correlations for a barotropic model wilth those
for a "2- 1/2 dimensional" model, the barotropic
model produced a forecast at the 500 mb level and
the 2- 1/2 dimensional model produced forecasts at
the 300 and 700 mb levels., The quantities compared
were the correlations of the barotropic forecast
500 mb changes with the observed 500 mb changes and
the correlations of the 2- 1/2 dimensional model
forecast 700 mb cBanges with the observed 700 mb
changes. Charney? has more recently presented a
comparison of the 500 mb forecasts of a three-level
model with 500 mb forecasts of a one-level model and
the 700 mb forecasts of a two-level model during a
three-day pericd of intense cyclogenesls. The
corrclations of forecast 24-hour changes with ob-
served 24-hour changes were high for the three series
of forecasts preceding the storm, but only those
for the three-level forecasts remained high after
the storm developed. Neither of these compar-

Iscns were felt toO constitute a conclusive




examination of the relative performance of the one-,
two-, and three-level models, although they docu-
mented for the first time the anticipated superior-
ity of the three-level model in a case of strong
baroclinity. There remains to be made, however,
systematic model comparisons in a wide variety of
synoptic situatlions.

From the present work we are in a poslition
to compare the performances of the barotropic and
thermotroplc models in predicting 500 mb height
changes over a long series of forecasts, in which
both models were integrated under identical con-
ditions.

In the followlng sections, the several
basic statistics (correlations, root-mean-square
errors) summarizing the results of the integrations
will be presented and briefly described. Further
statistical tests conducted will be discussed;
finally, an evaluation of the "skill" of the fore-
casts from a statistical viewpoint will be made.

3.2 Space Statistics

Linear correlations petween the forecast
and observed height changes and the root mean
square errors of the forecast helght changes were
computed for the 12- and 24-hour 500 mb barotropic
and thermotropic forecasts, and the 12- and 24-
hour 1000 mb thermotropic forecasts. In addition
to the space correlation and space root mean square
error for each forecast, a time correlation and
time root mean square error at each grid point were
computed for each series of forecasts. All of the
computations were performed on the IBM type 701
electronic computer.

Figures 3.1 through 3.6 are the space
correlations for each series of forecasts plotted
as a function of time; Figures 3.7 through 3.12
are the space root mean square errors plotted as
a function of time. The most striking feature of
the time distribution of the space correlations is
to be noted by comparing the results for the baro-
tropiz and thermotroplic 590 mb predictions (Figures
*.1 through 3.4). FPor the 12- and 24-hour

17
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predictions the barotropic and thermotropic space cor-
relations are almost identical. In those cases for
which the space correlatlon of the barotropic pre-
diction is low the space correlation of the thermo-
tropic prediction is also low.* Two possible ex-
planations may be offered for this result:

(1) Errors in the prediction may be due to
the failure to include some pertinent physlcal process,
in which case it must be concluded that the omlssion
occurs in both models.

(2) There 1s some overpowering influence,
which may not be a physical influence, that causes
both models to behave similarly. This may be an
effect due to the mathematical furmulation of the
problem, or due to the use of similar numerical
approximations in the solutions of the tv~ models.

One exception to this behavior is to be noted in
the 24-hour 500 mb prediction made at 0200Z 17
January. The space cosrrelation is much lower for
the tar ‘*roplic forecast than for the thermotropic
forecasy; there is a corresponding difference in
the space root mean square errors. This difference
i1s due to a very large error in the 24-hour baro-
tropic forecast, which is concentrated in the
northeast corner of the forecast area. This error
is as yet unexplained, but since it arose in the
computations after a successful 12-hcur forecast
had teen made, it is conceivable that the error

is a manifestation of some form of computational
instability.

18




The general level of the 24-hour 500 mb space
correlations (Figures 3.3 and 3.4) is only slightly
lower than the 12-hour 500 mb space correlations
(Figures 3.1 and 3.2) except for the forecasts made at
152-7 Jan., 152-18 Jan., 03Z-19 Jan., 15Z-19 Jan., and
15Z2-28 Jan., when the 24-hour correlation 1s much
lower than the l2-hour correlation. This implies that
the forecast calculations compound an error in the
change pattern. A forecast which starts off badly
during the first 12 hours goes further astray during
the next 12 hours; a forecast which starts off well
during the first 12-hour period will be a good fore-
cast at the end of the 24-hour period. A comparison
of the graphs of the space RMSE for the barotropic
and thermotropic 500 mb predictions (Figures 3.7
through 3.10) reveals the same striking similarity
present in the graphs of the correlation coefficients.
The RMSE for the 24-hour forecasts are greater than
those for the 12-hour forecasts in all cases. The
correspondence between cases for which the RMSE of
both the 12- and 24-hour predictions are relatively

large may be noted.

The 12-hour 500 mb barotropic and thermo-
tropic space correlation coefficlents were examined
in some detall. The average correlation coefficient
for the barotropic predictions, 0.817, was slightly
higher than the value for the thermotropic predic-
tions, 0.812; the difference between these correla-
tions 1s not statistically significant. The differ-
ences between the dally values of the normally dis-
tributed Fisher's Z for the barotroplic and for the
thermotropic predictions were compared to an esti-
mate of the standard error based on a population of
204 (number of grid points) independent palrs.

Since the number of independent pairs is considerably
less than 204 this procedure leads to an underestimate
of the standard error. The daily differences of the
2 values exceeded twice the estimated standard error
in only three of the 60 cases (5%). Sirnce the
standard error was considerably underesiimated it
must be concluded that the barotropic and thermo-
tropic space correlation coefficients for the

12-hour 500 mb forecasts are not significantly
different for any of the 60 predictions.
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The space correlation coefflcients fc. the
1000 mb thermotropic predictions are generally lower
than those for the 500 mb predictions. The general
level of the 1000 mb space correlations is about the
same for the 12- as for the 24-hour predictions,
except that the minimum 24-hour ccrrelations are
considerably lower than the minimum 12-hour corre-
lations (Figures 3.5 and 3.6). The correspondence
between poor 12-hour predictions and poor 24-hour
predictions 1s not as well marked as for the 500 mb
forecasts. The space root mean square e ~s of the
24-hour 1000 mb predictions are greater than those
for the l12-hour predictions for all cases; the in-
crease in error from the 12- to 24-hour forecast is
almost linear in time.

The frequency distribtutions of the space
correlation coefficients are presented in Figures
3.13 through 3.18. A comparison of the frequency
distributions of the space correlations for the 500
mb thermotropic and barotropic forecasts (Figures
5.15 through 3.10) again 1llustrates the similarity
of the two sets of forecasts. The distributions of
the 1000 mb space correlations are flatter than the
distributions of the 500 mb space correlations.

The median value of the space correlation for each
set of forecasts ls tabulated in Table 3.1. From
each frequency distribution the percentage of fore-
casts for whilch the space correlation exceeded 0.7
may be computed. In these cases the forecast
method explained approximately 50% or more of the
varlance of the change pattern. These percentages
are also given in Table 1. Conslderably morc th.n
half of the barotropic and thermotroplc 500 mb
forecasts exceed the 0.7 correlation level; less
than half of the thermotropic 1000 mb forecasts
exceeded the 0.7 correlation level.

In concluding our discussion of the
space correlations some general observations may be
noted. The result that the correlation is higher
if the actual height chinges are larger (in absolute
magnitude) 8&3 teen observed and reported by
Lonnqvist 1 in the case of standard forecast tech-
niques and by the Staff Membeii, Institute of Meteoro-
logy, Unlversity of Stockholm in the case »f
numerical forecasts using the barotropic model.




Table 3.1 -- Space correlations. Median values and
percentage of cases for which corre-
lation was greater than 0.7.

Level Model Period Medlan Value Percentage
Exceeding 0.7
12 Hour .82 75.0
Thermo -
“tropic
24 Hour .80 73.3
500 mb
12 Hour .83 78.3
Bdro-
tropic
24 Hour .80 6€.6
12 Hour .68 46.7
Thermo-
1000 mb tropic
24 Hour .69 48.3
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Table 3.2 -- Average space roof-mean-square errors.

Level Model Period Mean RMSE
in Feet
12 Hour 118.7
Thermc-
tropic ’ 24 Hour . 231.2
500 mb
12 Hour 115.8
Baro-
tropic 24 Hour 228.1
12 Hour 126.4

1000 mb Thermo-
tropic 24 Hour 223.1

28




FREQUENCY

FREQUENCY

[[h

CORRELATION COEFFICIENT r

r

Fig. 3,13

I

11

A

)

k4

“o

CORRELATION COEFFICIENT ¢

Fig. 3.14
29




FREQUENCY
k3

ragoutaly

i, N0 H 4 l—tr

|

K
CORRELATION COEFFICIENT r

Fig. 3.15

b

s

N
L

. [ 3 v

CORRELATION COLFRICIENT T
Fig. 3.16
30




FREQUENCY

FREQUENCY

A .

:

CORRELATION COEFFICIENT T

Fig. 3.17
e
| ] o
n[H1Th "l
1 L . L] [ ] 1 4 [
CORRELATION COEFFICIENT r
Fig. 3.18
3




The same general trend has been observed in the pres-
ent investigation. Thls is probably a manifestation
of the tendency to obtain a high correlation between
two populatlions if each population has a bimodal dis-
tribution. If the average absolute value of the
height change for a particular case is high, the
field is generally one of relatively large rises and
falls of contour height, with only a small area of
little change. The nature of the linear correlation
is such that a higher correlation 1s to be expected
In such cases than in cases for which the height
change fleld is of smaller contrast.

The average space root mean square errors
are gilven in Table 3.2. We again note the simllarity
between the results of the 500 mb thermotropic and
barotroplc predictlions. The average space root mean
square errors for the 12- and 24-hour 1000 mb fore-
casts are approximately equal to the averages for
the corresponding 500 mb forecasts. This means that
the 1000 mb predictlons are somewhat poorer than the
500 mb predictions since the standard deviation of
the observed changes of the height of the 500 mb
surface is approximately 30# larger, in the average,
than the standard deviation of the 1000 mb changes.
This is further indicated by the result that the
space correlations for the 1000 mb predicted changes
are considerably lower than those for the 500 mb
predicted changes. The average RMSE for the 24-
hour forecasts 1s approximately twlce the average
RMSE for the corresponding l1l2-hour forecasts.,

The error in magnitude of the forecast changes is
essentlially linear in time,

3.5 Time Statistics

The geographical distributions of the time
correlation coefflicients are presented in Figures
3.19 through 3.24., For each series of forecasts the
forecast changes at a grid point, ordered sequentially
in time, were correlated with the observed changes,
in the same order, at the same grid point; this ylelds
correlation coefficients for all of the grid points
as a measure of the geographical variation of the
forecast accuracy. There are some features of the
geographical pattern common to each forecast series.
Each figure has two pronounced maxima, one over the
eastern U. S., and the other over the southwestern U, S.
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There is a minimum value over the northwestern part
of the forecast area which entends southeastward
into the central U. S. The distributions of the
time correlations for the barotropic and thermo-
tropic 12-hour 500 mb predictions (Figures 3.19
and 3.20) are strikingly similar (as were the time
distributions of the space correlations). A
comparison of these sets of time correlations 1indi
cates that there is no grid point for which the
difference between the correlations i: statisti-
cally significant. The chart of the time correla-
tions for the 24-hour 500 mb barotropic predic-
tions (Figure 3.21) differs from the chart of the
time correlations for the 24-hour 500 mb tharmo-
tropic predictions in the northeast corner of the
Tforecast area where the barotropic correlations
have a minimum. This minimum is caused by one
very poor barotropic 24-hour prediction (see foot-
note, page

A comparison of the charts for the 12-
hour 500 mb forecasts and the 24.hour 500 mb
forecasts indicates that the area of high corresla-
tion in the eastern part of the forecast region is
smaller for the 24-hour forecasts than for the 1l2-
hour forecasts. Consider the area with correlation
sreater than 0.85; its western edge is at approx-
imately the same position for the 12- and 24-hour
5C0 mb predictions, but iIts northern extent is
diminlicshed. The western a2rea of correlation
Zreater than 0.85 is considerably smoller for the
2h-hour 500 mb forecasts than for the 12-hour 500 mh
forecasts. The minimum value of the correlation is
lower for tre 24-hour predictions than for the 12-
hour predictions. The area of correlation lower
than 0.7 is larger on the charts of the 24-hour
500 mb time correlations than on the charts of the
12-hour 500 mb time correlations. The decrease
of the correlation from 12- to 24-hours is espe-
cially marked in the northwest portion of the fore-
cast area and in the "trough" east of the Rockies,
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The principal features of the pattern of the
time correlation coefrficients for the 1000 mb thermo-
tropic forecasts (Figures 3.23 and 3.24) are quite
similar to the patterns of the 500 mb correlations.
The maximum values of the correlation are of the same
magnitude as those for the 500 mb predictions, but
the minimum values are much lower. The result 1is that
the gradlent of correlation for the 1000 mb forecests
is mucn greater than on the charts for the 500 mb
forecasts. The region of low correlation in the north-
west, extending southeastward into the reglion east of
the Rockles 1n the U. S., is much more pronounced.

The general result that the correlation of
observed changes with forecast changes is higher for
the eastern part of the forecast reglon than for the
Nestefg part has also been obtained by Bushby and
Hinds for integrations of the Sawyer-Bushby two-
parameter baroclinic model. The forecast region in
this case covered thie North Atlantic QCcean and
Wzorern Burope. The result was indicated for both
tne H0U and 1000 mb forecasts, aithough only a limited
rumber of forecasts were made. Bushby and Hinds showed
thas the space correlations were higher if only the
eastern portion of the forecast reglon was vsed in
the verification than 1f the entire forecast region
~as used. The Starf Meglb s, Insvitute of Metecrology,
University of Stockholm? .ave presented 3 chart of
the time correlations e cween observed and computed
500 mb helght changes for 2 somewhat lcnger series
of varciroplc lorecasts over approximately the same
area, and rind the sarme lncrease of correlation
coefrficlent in the eastern portlon of the forecast
region. In both of these series of forecasts
"operational" ussumptlions were made concerning the
boundary conditions s0 that only in ormation avall-
able at the start of the forecast period was used.

The geographlical distributions of the time
rcot -mean-3quare errors are shown in Flgures 3.25%
through 3.30. The patterns are partiallk obtscured
by a north-so.th gradient introduced by 'climatology."
Since the variabllity cf the height of a constant
pressure surface increases toward the north ol the
fforecast ai‘¢a, the magnitude of the error in the
forecast helght change lncreases toward the north.
This effect superimposes a zonal patterrn on the root-
mean-sq :are error charts, It is still possible to
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distinguish some features apart from the zonal pattern.
The errors along the northeast coast of the U. S. are
somewhat smaller than those along the Pacific north-
west for th- 1l2-hour 500 mb predictions; the maximum
errore 1n eastern Canada are smaller than the maximum
errors 1n western Canada. A comparison of the charts
for the 12- and 24-hour 500 mb predictions shows the
same linearity in time of the rcot-mean-square error
that was noted in the space root-mean-square errors.

The space distribution oif the time root-
mean-square errors of the 24-hour 500 mb thermctropic
predictions (Figure 3.28) shows that the error along
most of the eastern edge of the forecast area is less
than the error along the western edge. The maximum
error over _astern Canada 1s less than the maximum
error over western Canada. The geographical distri-
bution of the time root-mean-square errors of the
24 -hour 500 mb barotropic predictions shows a pro-
nounced maximum atl ithe northeast corner of the fore-
cast region. These large errors are caused by one
very poor barotrepic forecast (see footnote, page

The geographical distributions of the time
root-mean-square errors of the 1000 mb thermotropic
forecasts correspond strongly to the time correlation
patterns, expecially in the areas of poor forecast
(cf. Figures 3.23 and 3.29, 3.2% and 3.30). The
locations of the time root-mean-square error maxima
are in the same reglion as the minima of the time
correlations. This reglon is the principal feature
of the 1000 mb time root-mean-square error patterns.
Each chart also shows regions of error minima at the
southern corners of the forecast area.

3.4 Normalized Time Root-Mean-Square Error

The time root-mean-square errors may be
normalized in ordesr to remove the blas toward a purely
zonal pattern. It shall first be hypothesized that
the standard deviation of the time RMSE in one row
of grid points is approximately equal to the standard
deviation that would be obtalned for each grid point
in the row if values of the RMSE were available from
many sets of 60 forecasts. It is also assumed that
the values of the RMSE are normally distributed.

The normalized RMSE shall then be defined by:
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RMS%qz RMSE - RMSE
6~ (RMSE)

vhere RMSE is tne mean of all valuec in a row and

@ (RMSE) is the standard deviation of the values
in the row. The normalized RMSE is such that®
values at different latitudes may now be directly
compared since the bias In the REMSE due to the
increase in magnitude of the observed height changes
vith increasing latitude has been removed. A voint
at “hich the value of RMSB,, is creater than onso
{RMSEN > 1) is a point for ftjch the “orecasts .ere
pcor in tne sense that the value of the FMSE 1o
crearer than the mean FMSE by more than onz
standard aeviation. A difference of thic masnitude
~sould eoccur randomly in less than 23 cases in o
hundred. (Under our assumptions this means. 33
values out of one hundred values of the EMSE com-
puted ror each of 100 sets of ©0 forscasts eachi.)
A value of the RMSE, greater than wwo is a "poor"
value 1n the sense that a difference of This magri-
tude would occur randomly in lest than Tive eascs
i 2 hundred. Values of uhe RMSE,, less tnan -1
and -2 arc "goed," In the same senhse, at ‘the 33%
and % level, respectively., The normalized time
RMSE were computed for the 24-hour thermotropic
400 and 1000 mb forecasts. Values of the normallzed
RMGE In different geographical resliors are dlirectily
comparable and v 1s pouslile To examlne Lhe jec-
sravihiical pattern of the normalized FKSE in some
detull. For the purpose of comparling thils pattlern
wloh the earint's wopography n the forecast rosion
A oapeclal base map with contour llnes drawsy fo
1 ovalucy of the rerrain elevatlon averaged over
ive dexrce latitude-longtitude areas uwas prepared.

.

The patterns ¢l normalized RMSE for the
S =nour thermotropic 1000 and 500 mb forecusts ar
pioesented saperimposed on the topography ohar' (n
Flgures 3.31 and 3.32, respectively. Thz nmest
suriking feature is the locatlon of the region of
EMSEN> 1 on the chart for 1000 mb (Figure *.31) in
vhe Yce of the Rocky Mountains., In terms ©f the
measdre provided by the normalized RMSE lhie reglon




ﬁ | 1-> "3swyiE 0="3SWY - i< “3SWu#% z<"3swulllll onN3o3T |

- Bherald v L e g - g P
uwxy.mwrw&m%ﬁx STTTOTTEOR L U OR
‘ o H /

B e _
: ,. yRPar S . ! ¥
U I LT S g N N\
‘ . "+ £ e X 4 e s, S +\
1 " h o p b .
m 7 7 CNNS
3 3 +
..a”- - 1 -. . 4
. 7 il
L] n - 3
% ~ Y AN
oS ’. \ - pe
> &.2». + 2

i

P
.3'- o
)
H#

Bt ey
Loy ]
ot "9
x’ . U M
? “m e % % - b.\/ﬁ .y \ m
H .“ a . . : s * -,
. £ e i -
T . Jﬂr.w.. - 4
? P e X T "
- v o . f
b} 4- 1- ! ” - .
VNG b 3 o o o > + \Lﬁ-. s M
> w-miﬂl\-.- s . 3 . I
< Fg) . B ; el Bl “»
/ ﬁ.uo:!‘l - . “ / L
. ’ g ’
._ £ . e :

— |
+

-~
e







of poorest forecast is in western Kansas south to
the Texas panhandle. In the chart for 500 mb
(Figure 3.32) the region of RMSEy >1 cavers the
northern half of the western boundary, probably
due to errors introduced at the boundary, and
continues southeastward in the lee of the Rocky
Mountains. In both charts the forecasts are better
in the eastern half of the region than in the
western half, except for the area of RMSE, <-l1 in
the southwestern corner. The chart for tHe 500 mb
RMSEy has one small area of very good forecasts,
(RMS N < -2) in the center of the eastern boundary.
This region may be due to the favorable influence
of the boundary conditions.

The values of the RMSE  in a particular
column of grid points may be avegaged to obtain
a mean measure of the west-to-east varliation of
the forecast accuracy. The average values of
RMSE,; for each column are presented in Figure 3.33,
where the mean height of the terrain is indicated
by the shaded area. The mean RMSE for both the
500 and 1000 mb forecasts show maxyma in the lee
of the Rockles. The 500 mb curve also has a
secondary maximum in the lee of the lower Appalachian
Range. The curves presented here support the deduc-
tion, made from the geogiaphlcal distribution of
the time correlations, that the forecasts are
poorer in the western half of the reglon than in
the eastern half. The geographical distribution
of the normalized time root-mean-square errors
indicate, much more clearly than any of the
other data, that the region of poorest forecast is
in the lee of the Rocky Mountains. This result
may be due to some deficlency in the numerical
prediction model. There are two classes of
physical processes omitted from the prediction
models that may be responsible. One may be termed
a purely lee effect; the surface of the earth has
been assumed perfectly flat in the derivation of
the prediction equations. No consideration has
been taken of the fact that air 1s forced to flow
up over the mountains. The other effect is one
due to the Rocky Mountains cerving as a crude
physical barrier, channeling the low-level outbreaks
of polar alr along thelr eastei'n slopes. The

51




HITNAN NNNT0D

AVERAGE NORMALIZED ROOT MEAN

SQUARE ERROR FOR COLUMN
+

z+e

qWw 000!

1

L

L .

. ) . .

AVERAGE HEIGNT OF TERRAIN
IN THOUSANDS OF FEET

Fig. 3.33
52




process of low-level advection is not included in the pre-
diction model. It 1s therefore implled, by the analysis of
the present results, that further generalizations of the
numerical prediction models might well be directed toward
the inclusion of topographical effects and louwu-level ad-
vectlion processes.

3.5 Comparison With No-Skill Forecasts

The results presented up to this point leave one
question unanswered: "Houw do the correlation coefficients
for the numerical predictlicns compare with correlation co-
efficients of forecasts obtained by some other technique?"
In secking such a comparison, it is de-irable to use a
"no-skill" forecast technigue which utilizes the sanme given
information as the numerical forecasting techniques. The
significance of the comparlison may be Increased by the lack
of sophlstication of the no-skill forecast technique and the
randomness of 1ts selection. v is quite protable that, if
enough different schemes are tried, we might eventually dis-
cover a slmple scheme which would forecast "as well as"
numerical prediction (say, in terms of the correlatisn co-
afficient).

In view of these consliderations .¢ shall nou pro-
cose a simple forecast technique. The first st2p in preparine
4 12-hour ferecast 1s to shift the fleld of 500 mb hoight
chanzes for the 12-hour period ending at the start of the
forecast period two grid Intervals to the east (an castward
veloclty of approx!mately 7.5° longltude per 12 hours at 45°
North). In the next step <e make use of the halghts at
12-housr verificatlon time on the boundary (in order to muake
the technlque comparable with the numerical forecasting
technique descrlbed in Section 2) to compute the observed
12-hour 500 mb boundary height changes. The boundary changes
“reotaen used Lo Impruve  he interior values obtained by
stralght extrapelation, an lsproved forecast 12-hour change
for the flrsv interlor ro. 18 obtailned Ly averasing: the eox-
trapolated helght change, w~elphted one, and the abserved
helzht change at the neighboring boundary point, .eighted
three, The value for the sz2cond row 13 obtained by averaging
the c¢xtrepolatved and beocundary changec. oqually weighted. The
third interior ros of forccast changes ig obtained by aver-
aging the extrapolated change, welghted thres; and the bound-
ary change, weighted one. 1In each corner of the forveaast
reglon there are nine points for which the forceiast chanmes
are obttained by averaging the two values computed from cach
boundary. The scheme outlined provides a 12-hour 500 mb
"forecast” in the same sense that the numerical predictions
Jdo. The interior data is based on information awvallable up
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to forecast time; boundary data is available at verifil-
cation time. -

For a 24-hour forecast no further boundary data
are avallable; the forecast height change pattern for the
first 12-hour period is shifted eastward two grid intervals
as a forecast for the second 12-hour pericd. The forecasts
for the first and second 12-hour periods are added to yileld
the 24-hour 500 mb height change prediction.

The "no-skill" 12- and 24-hour 500 mb forecasts
were made for a sample of 30 randomly selected cases from
among the 60 for which the numerical forecasts were made,
T.e forecast 12- and 24-hour 500 mb height changes were cor-
related with the observed 12- and 24-hour 500 mb height
changes, respectively, for eacn forecast. The root-mean-
square error of the forecast helght changes was also comuouted.
Average values of these statistics are compared with the
averages for the thermotropic forecasts for the same 30 cases
in Table 3.5. On a daily basls the thermotropic 24%4-hour 500 mb
forecasts were better than the no-skill forecasts at the one
percent level in 14 cases, while the no-skill forecasts were
better, at the same level, 1n only three cases. The frequency
distributions of the 24-hour space correlations for the thirty
24-hour no-skill forecasts and the corresponding thermotropic
forecasts are shown in Fig. 3.34, The no-skill forecasts did
not do as well as the best thermotroplie forecasts nor as
poorly as the worst, i.e. in thls sense it is a more

Table 3.3 -- Comparison of the 12- and 24-hcur 500 mb
forecasts obtalned by the no-skill tech-
nique with those obtained by the numerical
integration of the thermotropic equatlons.

RO SKILD T THERMOTRCPIC
Correlation RMSE in feet Correlationn RMSE in feet
Coefficlient Coefficlent
12 Hour .710 139.3 179 121.6
[0C mb
24 Hour .655 259.3 .710 242.0
500 mb
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conservative forecast scheme.

The time correlations of the forecast 24-hour 500
mb helght changes with the observed height changes at each
grid point were also computed and compared with the time
correlations of the 24-hour 500 mb thermotropic forecasts.
Figure 3.35 indicates the result of this comparison. In the
shaded area, located to the east of the center of the fore-
cast reglon, the thermotropic correlations are greater than
the no-skill correlations by an amount that is significant
at the one percent level. Near the boundary there 1s no
pronounced superiority of one scheme over the other. In
the interior of the region, where the no-skill technique
does not take account of boundary effects, the integration
of the equations is a much better technique than the straight
extrapolation of the height change t'leld. There are two pos-
sibtle explanations for this result. Either the equations "do
something"” 1in the interior, quite independently of boundary
influences,that 1s more rellable meteorologically than an
extrapclation of the past change prattern, or the equations
furnish a mechanism for propagating the boundary information
irro the very center of the forecast region.

t 1s qulte possible that tre no-skill forecasts
mint be improved by using an interpolation scheme that
brings 'he Influence of the observed i2-hour changes further
‘nto the reglon. Results might also be improved if observed
500 mb helyrnts at the 12-hour verification time were used
along *hree boundary rows (as in the numerical forecasts)
tnstead of along one (as in the no-sklil forecasts). In this
case 2 more elegant interpolation scheme, based on the
pradicnt of the observed 12-hour change normal to the bound-
ary, might te used to improve the interior values.

3.0 Summary

The corr2lations of the forccast 500 mb changes
wiion observed nanges are nlgh enough to Le quite encouraging;
the carrclation of the 1000 mb forecast changes with observed
shanges are not as high but are revertheless felt to be sig-
niffcant In view of the relatively simple physical theory
employed. More research 1s required to establish clearly the
influence ¢f the boundary conditions on the Tinal (orecast.
The slmilarity of the behavior of the correlations of the
“0C mb thermotroplic forecasts and the correlations of the
#00 mt- barotroplic forecauts remalns the most striking feature
o' the results presented here. It {s to be hoped that further,
more subtle, analysis o the numerical forecasts may reveal
the dlstinctlione between the physical behavior of the two
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models whichuhave been indicated, for example, bv <=fabil-
ity studies.”™ The results of Section 3.4 indica chat
further improvement in numerical forecasting may be gained
within the framework of the present theory by including
topographical effects.

4, The Synoptic Summary and Analysis of Forecasts

4.1 Introduction

To date, the interpretation of most numerical
forecasts has been from the point of view of the dynamic
meteorologist, i.e., the predictions are, in fact, solu-
tions to a set of hydrodynamical equations and offer direct
evidence of the accuracy of the theory and the suitability
of the numerical procedures employed.

In addition to this interpretation, 1t was felt
that in the present seriles of forecasts, a valuable summary
of the results would be from the point of view of the synop-
tic meteorologist, i.e., the forecast behavior of typical
synoptic systems and the forecasts' comparison with conven-
tional technique. It 1is hoped that such a summarv and
analysis will permit an easier evaluation of numerical
forecasting by meteorologlsts not directly engaged in this
work; in particular, with the ald of the forecasts Lhoun
in the Appendix, it is hoped that a "feeling" lor th.
performance of the relatively simple prediction modeis under
a wide varicty of synoptic conditions may be obtalned.

The purpose of this section is accordingly to
describe the data preparation and to present the synoptic
study and summary of the forecasts made usin§ the simple
barotropic model and the thermotrop.c model. The synoptic
study of the¢ forecast results includes an observation of
the general level of performance of the numerical techniques
and of the systematic errors which are in evidence. A dis-
cussion of the forecasts is included with consideration to
initial [low patterns, types of systems, and geographical
arcas covered by the forecast. Case studies of interesting
situations are used as illustrations of performance. The
daily forccast and observed maps for the 500 mt and 1000 mb
levels and 1000 - 500 mb computed vertical motion are in-
cluded in the Appendix. Tre use of the thickness (1000 -
500 mb) for forecasting purposes is of particular interest
to the synopticlan, since there have been 2 number ol
studies made in the past to empirically relate the thick-
ness patterns to the flow patterns at the surface and aloft
for forecasting purposes. Some numerical thickness fore-
casts ar~ presented here in detail to give an indication of
the performance of this portion of the thermotropic model.
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A discussion of the thermotropic model as a forecast tech-
nique 1s included and a comparison 1s made to other methods
of prognosis.,

4.2 Synoptic Data and Analyses

The decision was made to prepare one month of
carefully analyzed maps at all the standard levels to serve
as a test series for the numerical prediction techniques.
This would provide maps for sixty sets of forecasts which,
it was felt, would be a large enough sample to determine the
level of performance of the forecast equations. A winter
month was preferable since 1t provides the most difficult
and extreme forecast cases, and a recent year was preferable
from the vlewpoint of data availability. Examination of maps
of several winter months resulted in the choice of the month
of January, 1953, as most sulitable for testing purposes.

Data for the month of January, 1953, were obtained
from the Dally Upper Air Bulletin published by the United
States Navy, the data files of the Department of Meteorology,
Massachusetts Institute of Technology, and from the data files
of the Atmospheric Analysis Laboratory of the Geophysics Re-
search Directorate. The data were entered on WBAN-1 maps, a
Lambert conformal conic projection with a scale of 1:12,500,000,
for the following eight levels for 0500 GMT and 150C GMT of
each day; surface, 1000, 850, 700, 500, 300, 200 and 100 mb.
Figure 4,1 shows the areas of data coverage, analyses, data
tabulation and forecast results.

The analyses of the map series were begun with the
surface maps for each day, with time continuity established by
tracing pressure centers, troughs and ridges fom map to map.
Data were sparse in the Pacific Ocean area, so the coded
anislysls of the San Fiancisco Weather Bureau office was used.
The upper-air maps were analyzed on a light-table with the
analyzed maps for the next lower level beneath them, which
alded the maintainance of vertical continuity, although dif-
ferential analysis would have been preferable if manpcwer
and time nad allowed. A smooth contour analysis depicting
the major flow patterns was desirable for numerical predic-
tion computations, and this was easily carried out on the
lower-level maps while still fitting all radiosonde data.

At the 200 and 100 mb levels, however, the accumulative temp-
arature errors caused se¢ mingly erratic station reports,

which Indicated very irregularly shaped systems and seemingly
unrealistic flow patterns. The analyses at these levels were
therefore in general tied to the lower layers to depict smooth
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large-scale flow patterns. Frequent errors in the radio-
sonde data recelved necessitated a close check on all map
data. Rc.ported heights, which did not appear to be con-
sistent or were not in agreement with the general flow
patterns, were re-computed from the ground level using the
equivalent isothermal layer method. Some stations consils-
tently reported elther lower or higher heights than sur-
rounding statlons due to the use of different radiosonde
equipment or calibration techniques, and this was taken
into consideration in the final analysis. There were a
total of 496 maps analyzed for the month of January 1953.

When the analyses were completed a square grid
of 17 x 23 points was placed on each map (Fig. 4.1). At
each grid point the height was interpolated to the nearest
ten feet and entered on the map. The values were checked
and transferred to tabulation sheets in preparation for the
computations carried out on a high-speed electronic computer.
Speclal attention was given to the data from the 1000 and
500 mb maps, as these were the levels used to test the per-
formance of the thermotropic model and that of the baro-
tropic meodel.

4.3 Characteristics of January 1953

Before undertaking the synoptic summary of the
forecasts themselves, it is appropriate to discuss the gen-
eral characteristics of the period for which these were per-
formed. Records of the weather of January 1953 show that it
was not a "typical" or "normal" month from the point of view
of actual weather, in spite of the appearance of the usual
number of large scale disturbances1 It was a month of ex-
tremes In the Northern Hemisphere. The United States
axperienced one of the warmest Januarys ever recorded; cold
pclar outbreaks were usually weak and of short duration, the
most severe cold outbreak occurring on the 15th and 16th in
the Great Plains and Mississippi Valley area. Precipitation
was twice the normal in the Pacific northwest, southern
Florida and New England, and generally above normal over the
rest of the United States. The strongest development of the
mcnth occurred when a surface low formed in Texas o the 8th
and moved to the southeastern United States, accompanied bty
heavy rain. This storm then moved northeastward and gave
heavy snow and ice to New York and New England (sce Appendix).
On the l4th a cyclonic development on a ¢old front from the
Pacific hit Salt Lake City with heavy snow.

The mean 500 mb map from the project's analyses,

when compared with the normal January 500 mb map, shows abov=
normal heights over the western United States and over the
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north central and northeastern United States, with below
normal heights over western Canada and the southeastern
United States (Fig. 4.2). The major trough was located
east of its normal position. The zonal flow near the west
coast of the United States and Canada was conslderably
stronger than normal as indicated by the positioning of the
centers of height anomaly. The mean jet stream location
(200 mb) was along the northwestern United States horder,
then southeastward through the southeastern United States
and then northeastward off the east coast of the United
States, passing Jjust east of Newfoundland. The favorite
surface storm paths for the month were from the north
Pacific along the northern United States border and from
the southern Great Plains northeastward over the Great
Lakes. Surface pressures were below normal over all of
the United States, except the far southwest.

4.4 Synoptic Study of Numerical 500 and 1000 mb
Forecasts

The verification of prognostic maps obtained using
numerical methods or othcr techniques is a difficult problem.
Statistical methods such as tliose employed in Section 3 can
cive an estimate of the accuracy of the forecasts but many
questions remain unresolved. From a synoptician's viewpoint,
the t'inal analysis as to the vaiue and usefulness of numer-
1cal methods depends on the accuracy in forecasting displace-
ment of pressure centers, troughs and ridges, the accuracy of
the wind forecast, and the usefulr-: 3 of the forecast maps in
predicting the actual weather,

A comparlison of prognostic maps obtained using
numerical methods with those obtalned using the conventional
fileld technliques 1s one cay of estimat1n§ the general level
of performance of the numerical methods. O Comparisons of
‘his type have been made In the past. Ir 1351 a set of
S renty-tao consecutive 24-hour feorecasts at 500 mb from the
janearized barotropic theory were compared ith synoptic
forecasts at the Atmospheric Analysis Laboratory of the
Geophysics Research Directorate. Correlation coefficlent..
of the forecast versus observed changes and examination af
the errors indicated that the two types ol forecasts uerce
of approximately equal accuracy; the average correlation for
numerical methgds was +0.73 and for synoptic methods wvas
+0.7+. Gatesl¥ shoued a comparison of a numerical forecuast
and a4 synoptic forecast at 500 mt which indlcated that the
t.io methods were of comparable accuracy in the case cxamined.
The sixty numerical forecasts of the present series were
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errors. In western Canada the tendency to forecast 500 mb
helghts too low, and thickness values too high, resulted in
1000 mb height forecasts having a large negative mean error
in that region. Deep 1000 mb lows were erroneoucly forecast
to move into western Canada from the Pacific during the fore-

cast series.

The forecast results were studied to determine
whather there was any consistent relationship between the
forecast error and the initial flow patterns at 500 mb.

The errors were plotted at the grid points for each of the
sixty cases and isoline analyses were made. The geographical
locations of centers of error of more than 300 feet were noted
relative to the trough and ridge pattern at 500 mb. Figure
4“.4 shows that there is a tendency for positive height errors
to be located ahead of the 500 mb troughs and the negative
errors to be located to the rear of the 500 mb trough and
dhead of the followirng ridge. This is evidence that the
humerical methods generally forecast too slowa movement of
the trougn and ridge patterns. The same impression is ob-
r=ined by merely looking through the series of forecasts,
Error)centers adjacent to the boundaries were not used in
Fig. 4.

The numerical fcrecasts were more accurate over
the eastern United States than elsewhere over the grid. This
fact .as shown by the average point correlations, root-mean-
square errors and average errors (Section 3). The day-by-day
obvserved nelzht changes were as large over the gastern United
States as over the rest of the grid. The size of the actual
helght changes, therefore, cannot ke used to explain the
difference in forecast accuracy over the grid area., Factors
«hlch may have contributed to the diffe:ences in accuracy are
the hl-h data density over the eastern United States, the
distance of the eastern United States from western and north-
ern computational boundary errors (which are the boundaries
most affecting the forecasts), the inaccuracies in the data
over the western portion of the grid due to the mountains
and the flow barrier, and thermal block effects of the moun-
tains in the west. The high level of accuracy of the fore-
casts over the eastern United States indica‘tes that with an
increase in the denslity and accuracy of upper air and surface
data, a larger initial grid and inclusion of terms in the
+quations to take the mountaln effects into account, we might
be able to improve the numerical forecasts over a nmuch larger
area te a level of accuracy approaching that attainad over
“Me eastern United States.

The 500 mb forecast average error maps show negative

OL




3901y

80

90

39014 ANV HONOHL O1 3AILVI3Y NOILISOd HOMM3I

0

20

HONOWL

4]

+0

90

80

ozli-

Oov-

¥

1334 40 §0! M ¥OWHI LSVDINOI

Fig. 4.4

67




errors 1ln the northern portions of the grld area and posi-
tive errors in the southern portions. Thls indicates that
both the barotropic and thevmotropic models overforecast
the zonal wind on the average during the month,

Y 4.2 Forecasts at 500 mb

Messrs. Hering and Mount of the Synoptic Section
of the Atmospherlc Analysis Laboratory included a study of
results of tihe numerical forecasts 1n thelr recent evalua-
tion of forecast techniques. They measured the 500 mb
gradients forecast over six stations in the United States
using the 24-hcur numerical forecasts on fifteen days with
identifiable surface cyclonic centers. The average wind
vector error of the forecasts was 26 knots. They note that
the Air Weathe Service forecast capabllities study found
the average 500 mb wind vector error of a synoptic fore-
caster to be 25 knots. The distribution of numerical pre-
diction errors is found in Fig. 4.5. The forecast area was
divided into four sections, ten degrees of latitude by
twenty degrees of longitude. The average zonal and merid-
icnal winds were obtained in each sectlon by averaging
the helight differences on opposite sides of this 10 x 20
degree area. For comparative purposes the errors obtalned
using persistence, extrapolation of past 12- and 24-hour
change, and the normal January map as a8 height gradient
forecast are presented along with WBAN and numerical fore-
casts for each section in Tables 4.1 and 4.2. The wind
component error c¢f the numerical 24-hour 500 mb forecasts
and ~f WBAN's 36-hour 700 mb forecasts ls, on the average,
about equal to the observed change. There is, on Lhe
average, a noticeable overforecast of the gradlents by
numerical methods for all the 10 x 20 sectors as well as
for the single stations.

The displacement error of the 500 mb trough
forecast by rnumericai methods was measured at the latitude
of the surface low for the fifteen cases with identiflable
surface lows. Th2 average error of the 24-hour trough
forecast was l.€ degrees latltude (or about 160 nautical
miles) for fourteen cases; the filteenth case had no identi-
fiable trough on the verification map. Vorticlties in the
500 mb troughs for the fifteen cases with surface lows were
computed using a 6 latitude srid. The 24-hour meximum
vorticity change forecasts obtained using numerical methods
were compared with the observed changes (Table 4.3). The
numerical methods forecast the correct rign to the develop-
ment in every case. On the average their forecast error of
the vorticity change was about hal! of the observed change.
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Table 4.3 -- Maximum Vorticity Measured in 500 mb Troughs
Using a 6-Degree Latitude Grid

NWP Observed 24-Hour 24-Hour NWP

Run 24 -Hour 24 -Hour Observed NWP Fcst. Change

No. Verifies Fcst. Initial Final Change Change Error

1 2 Jan 53
152 2 55 30 -25 -1% 12
2 3/032 28 35 25 -10 -7 3
6 5/032 22 48 18 -30 -26 L
7 5/152 22 20 21 1 2 1
8 6/032Z 28 18 35 17 10 -7
9 6/152 32 21 5 4 11 7
27 15/152 32 25 28 3 7 L
28 16/032 35 40 28 -12 -5 7
45 24/15Z7 30 48 38 -10 -18 -8
46 25/032 38 30 50 20 8 -12
51 27/15Z 25 25 28 3 0 -3
e  28/032 3c 35 32 -3 -3 0
59 31/152 40 38 50 12 2 -10
60 1 Feb 53 48 35 50 15 13 -2
032
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This indicates that numerical forecasts generally underfore-
cast both increases and decreases of the large-scale circula-
tion intensity as measured in such a manner. The results of
Hering and Mount's study of the 500 mb numerical forecasts
glve added indications that numerical methods are presently

as accurate as other short-range forecast technlques at 500 mb.

4 4,3 Forecasts at 1000 mb

Hering and Mount in thelr forecast evaluation
studlies also compared the 1000 mbnumerical forecasts with
forecasts made using conventional methods, as represented by
WBAN's surface prognostic charts for the month of January 1953.
Correlation coefficients were computed between the cobserved
30-hour surface pressure changes, and the changes predicted by
WBAN for the January 1953 forecast serles. A unliformly spaced
srid of twenty stations covering the prediction area of the
numerical forecasts was used to obtaln such values for the
WBAN proenostic charts., Correlation coefficients for the
50-hour Jurface forecasts are shown together with the coeffi-
cients obtalned for the numerical 24-hour 1000 mb forecasts
in Flg. 4.0,

These results show that the two methods are of
comparable accuracy, «lth the coefflcients ror the con-
ventlonal forecasts averagliag slightly higher In spite of
the longer forecast perlod. The root-mean-square coafficlent
of the series of fifty-elght WBAN prognostic charts was 0.75,
48 compared to Q.0% for the numerlical forecasts. It is in-
teresting to note that JBAN and NJP curves are in phase with
thelr good and bad forecasts coinclding.

The 1000 mb forecasts «¢re analyzed to determine
the avcuracy In predicting the displacement of low-pressure
centers, Verificatlion was initlally Intended to include
ail cycilonle centers with ldentifieble inttial and sub-
sequent 2% -hour positlions fall’»~ . ithig the forecast grid.
Houever, the boundary conditlons produced a marked Influence
on the predicied position of those centers located near the
auter limits of the grid area. This effect on the cvalua-
tion way reduced by =2liminating 41l cases with final storm
locations .ithin two grid pointz of the boundaries. A
total of fiftecn cases were avallable from the January
forecast serles. The observed and predicted 12- and 24-
hour pesitlons are shown In Fioure 4.7,
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For comparative purposes, a simlilar evaluation was
made of the forecasts prepared by WBAN for this series of
fifteen test cases. The surface prognostic charts transmit-
ted on the facsimile network during January 1953 consisted
of a 30-hour prediction of the pressure pattern, plus the
forecasted 18-hour positions of pressure systems and frontal
systems. The predicted 24-hcur position of a low pressure
center was obtained as a mid-point of a line connecting the
18- and 30-hour positions. These conventional forecasts
cover a period which tegins three hours later than that of
the numerical forecasts.

Comparative results are shown in Table 4.4 and
Figure 4.8, The observed final positions and tracks have
been superimposed in Figure 4.8, such that the position
error 1s given by the distance from the forecast point to
the center point. The direction error is defined by the
deviation from the horizontal line, and the spced error by
the differences in line lengths connecting the initial po-
sitions wilth the center point and 1nifilal positions with
the forecast positions., The overall accuracy for this test
sanple 1s essentialliy equal to that of the conventional
methods of pressure pattern prognosls. The numerical dis-
placement forecasts show a striking tendency to underestimate
the speed of the 1000 mb cyclonic centers. The predicted
24 -hour speed was too slow in each of the fifteen forecast
situations, resulting in a mean algebralc speed error of
about minus three degrees of latltude per day. A hilas of
an equal amount was noticed also in the 12-hour displace-
ment forecasts. This systematic error appears to be
primarily due to a tendency to overestimate the actual
contour height at 500 mb in reglons of anticyclonic cu:i -
vature and underestimate, although to a lesser extent, the
contour height *‘n trough areas. Since c¢yclonic centers
are commonly located between a ridge to Lhe east and a
trough to the west In the 500 mb pattern, the error tends
to position the 1000 mb storm center too near the trough
or cyclonlc vorticity center at &N0 mb.

A comparative evgluation was also made of fore-
casts of intensity changes for this sample of fifteen
cases. The measure of intensity was arbitrarily chosen
as the gradient of pressure over a six degree lattitude
distance averaged for the four cardinal directions from
the center. Results of the test are summarized in Table
4.5, Figures in the table show the number of occurr nces




OBSERVED POSITIONS
FORECAST POSITIONS
OBSERVED TRACKS

FORECAST TRACKS

Fig. 4.7. Storm tracks (forecast and observed).
Case numbers included
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Table 4.4 -- Compa. itson of Nur rical and Synoptic 24%-hr
i 'recasts, i, cases, January 1953.

Direction Error Spc 2d Error Position
in Deg. in MPH Error in
Deg. Lat.

Ave. Mean Algebraic Ave. Mean Algebraic

Num=rical

Forecast - 10.7 0 8.2 -8.2 3.4
W BAN
Forecast - 12,1 R5.0% 5.8 2.0 3.2

“R deslonates deviation to right when {aclng down. “roam.




nf a particular combination. Numbers in parentheses are
the results of the WBAN thirty-hour forecasts; other num-
bers show results of the 24-hour predictions by numerical
methods. It 1is interesting to note that intensification
of surface cyclonic circulation was predicted by the
numerical method 1n only one case, whereas 1t was observed
to occur in eight of the fifteen situations.

In addition to the study of the surface (1000
mb) forecasts an attempt was made to relate the accuracy
(as indicated by correlations) of the numerical forecasts
to the initial conditions on the surface map. No signif-
icant relationship was found. With initial conditions
which appear to be similar, the accuracy of the numerical
forecasts varies greatly.

It was noted that in the immedlate area of low-
level cold polar outbreaks, the 1000 mb helght rises were
not forecast very accurately by the numerical methods.
This may be due to the fact that this low-level cold air
advection is generally an ageostrophic advection and,
therefore, cannot be detected by the cquations. The
overall correlations do not reflect tuls error as the area
whereln this advection takes place is generally small com-
pared with the total grid area.

During the major cold polar outbreak uf ine moatn
on the 15th and 16th, the averaged correlations of forecast
versus observed helght changes for the four cases were
above the monthly average at both 500 mb and 1000 mb. The
four 500 mb cases averaged + 0.79, as compared with the
monthly average of + 0.74, and the 1000 mb cases averaged
+ 0,70, as compared with a monthly average of + 0.u. . The
movement of the major storm of the 8th and 9th was [urecast
well, but the helght rises connected with the ¢old air
advection to the northwest of the storm were not well fore-
cast. The case of 14 January, when Salt Lake City had a
heavy snowfall, was a case where the numer!-~al method pro-
duc-d a poor forecast of the movement of the low center,
The center was forecast to move too far north and the
helght values of the center were forecast consliderably low-
<r than were observed.
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4 4 4 Location of Jets and fronts

How well one can forecast the location and strength
of the Jjet stream (or zone of maximum winds) at 500 mb using
the numerical prognostic maps, 1s undoubtedly of interest to
the synopticlan. A case-by-case examination of the 500 mb
forecast and observed maps (see Appendix) revealed that the
maximum gradient at 500 mb is usually well placed by the
numerical forecasts but, on the average, a tighter gradient
1s forecast than 1is observed.

The ability to locate the surface frontal systems
on the numerical 1000 mb prognostic maps 1s another point of
Interest. Ezamination of the 1000 mb forecast and observed
maps leads to the concluslon that the surface frontal systems
generally cannot be successfully located on the vrognostic
charts. Attempts to locate the frontal systems by placing
them in the 1000 mb trough lines results in gros. errors in
a high percentage of the casec.

+.4.5 Vertical motions

The series of numerlcal computations has provlided
computed instantaneous vertical motions in the 1000 - 5Q0
mt layer for the inltial time for each of th> sixty fore-
cast cascs. These are the mean vertlical moliions through
the whole layer, The maps showlng the geographical distrl-
putlion of these vertical motions are included In the
Appendix. It is Interesving to note, 1in general, the com-
putations recult in mean ascending motlon in the quadrant
to the northeast cof surface low centers, where forecasters
normally expect major preciplitation, and descending motion
to the southwest of surface low centers, where rapild
clearing 1s to be expected. This places the centers of
ascending motion to the east of the 500 mb trough and the
center of descending motion immedliately to the rear of the
500 mb trough, as might %o expectedThe normal rate of specd
of the vertical motions at the centers 1is about 4 cm/sec,
with maximum ascending motion spceds of 12 cm/sec durin
the month, and maximum descending motion speeds of 8 cm}seu

The map of vertical motions for 1500 GMT of 16
January (Flgure 4.3) shows a typical distribution of
values., Ascending motion was occurring northeast of the
low center in eastern Canada with meximum values of 6 cm/sec.
General cloudiness and steady precipitation was occurring
in thls area. A large area of descending motion lay
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southwest of the surface low center ~sith makimum values of
4 cm/sec, and generally fair weather was present over the
whole area of descending motion. An area of ascending
motion was associated with a surface low center in western
Canada, but the maximum strength of the motion was confined
to a smaller closed area of 2 cm/sec. Variable cloudiness
and scattered precipitation was the condition in the north-
western United States and southwestern Canada. 1In the
southwestern United States there was an area of descending
motion connected with a surface high pressure call in that
locality with generally clear skies. The maximum vertical
spead was 4 cm/sec.

4.5 Case Studies of the 500-1000 mb Thickness
Forecasts

The thermotropic model employs the 1000 - 500 mb
thickness value as cne of its parameters in forecasting
for the 500 mb and 1000 mb levels. Tne 1000 mb forecasts,
by the nature of the thermotrcpic model, have errors in
them which are introduced by both the 500 mb equation and
the 1000 - 500 mb {ickness equations. Thus, with a
perfect thickness forecast, the 1000 mb prognostic map
«0onld still have the errors which uere present in the 500 mb
forecast. Since the 1000 mb verificzatior: An not indlcate
the degree of accuracy of the thickneue Jurecasts, for the
above reason, and in conslderation of the Interest of the
field forecaster In the use of thickn.ss maps, a feu cases
were chosen in order to make 2 cluser .tudy of the perform-
ancz of the thickness equation und to attempt to discover
possible sources of <rror.

Three cases gere choten for study <here tine
correlations dere relatively high for the 500 mb forecast:
and quite low for the 1000 nb forecasts, indicating thut
there as a major error In the thicknes: forecasts. A
fourth case «as chosen because it was unique in the cerics,
In this case the 500 mb correlation as low and the 1000 mb
correlation was relatively high., The thickness boundary
errors were averaged for each of the thirty-one points and
plotted on a map covering the verification area (Figure
%,10). The largest average errors appear i.. the northeast
corner of the grid area. The values on the north boundary
averaged 1.5 to 2 times the values on the south boundary.
This probably accounts in part for the relatively lsrpe
errors which occurred in general in the northern portion
of the grid area.
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The dates and correlations of the four selected cases
are listed below:

Initial Time Rs00 R1000
Case 1 9 January 0300 GMT 0.62 0.08
Case 2 7 Janusry 0300 0.80 0.32
Case 3 13 January 0300 0.76 0.17
Case 4 19 January 1500 0.28 0.84

Case 1

This case 1s of greatest interest in the north-
western portion of the grid where very large errors occurred
in the thickness forecast. The initial 500 mb map (Figure
4.11) shows a moderately strong trough over the central
United States which developed during the forecast period
into a deep low center cover Alabama with generally straight
west-east flow over the rest of the grid. The 1000 mb maps
showed a low center moving from the Mississippi - Alabams
bord:ir to Georgla during the period. The initial map had a
deep low off the northwestern coast of the United States and
thv final map had a low center just north of North Dakota.

The predicted 1000 mb map agreed with the ob-
served map over the eastern United States but was very much
in error in the northwest, where a deep low was forecast
in the region into which a ridge of high pressure was ob-
served to move. The 500 mb predicted map had a contour
pattern similar to that of the observed map but the gradient
was forecast too strong in the northwest,

The 500 mb forecast error map shows that the over-
ly strong gradient predicted in the northwest was a result
of forecasting 600 foot excessive height rises in the north
central portion of grid, and 600 foot excessive falls in
the nortuwest corner of the grid. The latter error may
well be a boundary effect, but the error in overforecasting
the anticyclonic buildup in the north central is a feature
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which appears in many of the forecasts, and 1s apparently
inherent in the ( guations or methods of soclutlon.

The 1000 mb error map shows helghts predicted
1000 feet too low in western Canada and 800 feet too high
over the eastern Rockles. The thlckness error map shows
the amount of error contributed to the 1000 mb map by the
thickness forecast., There 1s an area of 1000 foot thick-
ness error in the reglon of the large 1000 mb error. A
400 foot error near the northwestern corner of the grid
is of the same size as the boundary error and is likely
a direct result of the boundary error. The boundary error
values north of the major thickness error of 1000 feet are
smaller than the monthly average values of boundary error,
and cannot very well be considered important in producing
the large error. Examination of the 1000 mb and 850 mb
charts revealed an ageostrophlc i'low across the packed
thickness lines producing cold air advection in the region
of large error whereas the contour llnes did not indicate
this advection.

The initial thickness map shows a pattern very
similar to the initial 500 mb map. From these two maps
there 1s no reason immedlately apparent for expecting
warming in western Canada. Anticyclonic thermal vorticity
values along the southwestern Canadian coastline due to
slight anticyclonic curvature and wind shear may have
contributed largely to the forecast, as these values of
vorticity would have been advected by the equctions into
the region of large error. The forecast thickness map
shows how the ridge of thickness values was bullt up in
central Canada and the gradient was decreased in western
Canada. The observed thickness map shows that thers was
acrually a decrease in thickness acrocs the western half
of Canada and & maintenance of the strong west-east
gradient,

Speculating on the possible reasons for the
large thickness errors in this case, it appears that the
following factors are the most probable reasons for the
errors:

(1) The nongeostrophic flow in the low levels

may be an important contridbution to the thickness decreases
over the period by advection of cold air at these levels.
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(2) The forecast equation may not give proper
weighting to its individual terms, slnce the coefflcients
of the thermal advection terms in both equations were empir-
ically determined. Theoretical work done since the tests
were carried out indicates that the coefficients were
probably too small.

(3) The mountain barrier effects may be impor-
tant in this case, with a very strong west-east component
to the wind.

Case 2

This case 1s of major interest in the area Jjust
south of Hudson Bay where there was a 600 foot error in
the thickness forecasts. The initlal 500 mb map (Figure
4.12) shows a very flat trough over southern Hudson Bay,
weak to moderate west-east flow over the Unlted States
and a low center in .estern Canada. During the period
there was little change in the pattern, with small height
rises over southern Hudson Biy. The 1000 mb maps were
mucn the same at the beginning and end of the period, with
a deep low off the northwestern United States coast, and
a wealk low over the south central United States; there was
an increase in the 1000 mb helghts over Hudson Bay.

The predicted 500 mb map has a strong rldge
built up through the central United States and Canada and
a strong gradient across the northern United States and
soutnern Canada. The correlation coefficlcnt is misleadinz
in this case, since the forecast and observed changes are
pretty well in phase as to sign, thus glving a good corre-
lation, whereas the equations overforecast the size of the
changes by a considerable amount. This tendency to over-
forecast height rises in the vicinity of ridges is 1llus-
trated again by this case.

The predicted 1000 mb map has a low off the
narthy .. coast of the United States much deeper than ob-
served and strong high centers southwest of Hudson Bay and
over Lake Michigan, The 1000 mb error map shows the extent
of the overforecast of high pressure socuthwest of Hudson
Bay in the same reglon of maximum 500 mb error.

The thickness error map shows that sizable thick-
ness decrcases were [orecast in the Hudson Bay region re-
sulting in errors in excess of 600 feet. Boundary errors
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were very small to the north of this major error and cannot
account for the errors. The predicted and observed thick-
ness change maps lndicate that the streng warming which
occurred in southwestern Canada was forecast, but show that
very little cooling occurred over Hudson Bay where strong
cooling was predicted. The predicted and observed thickness
maps show how the fcrecast of strong coolling over Hudson
Bay resulted in a poor thickness forecast. The thermal
gradient along the United States - Canada border was fore-
cast much too strong, and a trough over Hudson Bay was fore-
cast to be much too deep.

The initial thickness and 500 mb maps indicate
that the forecast of lower thickness values over Hudson BRay
was probably caused by the advectlion of lncreased cyclonic
vorticity values into that region, and not from advection
of cooler air in the layer. The initlal maps indicated
some slight warm alr advection south of Hudson Bay using
the 500 mb flow and the thlckness lines as the temperature
field. Tt appears that the advection of vorticlity was
welghted too strongly by the equations in this case.

Lase 3

In this case there is a slzable thickness fore-
cast error In the region near the western United States -
{"anada border. The initial and observed 500 mb maps
(Flgure 4.13) show a relatively unchanged zonal (low
through the pericd, while the surface maps show a bulldup
of a polar high in western Canada. The predicted 500 mb
map shows good agreement with the observed map, while the
predicted 1000 mb map shows a deepening trough axtending
a.ong the western United States - Canada border.

The forecast error maps emphesize the accuracy
cf the 500 mb forecast except near border points, while
showing a 600 foot error in the 1000 mb forecast along the
United States - Canada border. The thickness error map
shows that thicknesses were forecast more than 400 feet
too large in the area of maximum 1000 mb error. Other
large thickness errors are located near reglons of large
voundary errors. The observed thickness change map shows
that there was cooling in the layer over a large area in
northwestern United States and Canacda, wh2rens there were
thickness Increases forecast in some portions of this
region.
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The initial and observed thickness maps show that
the thermal Jjet moved southward from western Canada 1into the
north central Unlted States, whereas the forecast did not
move the thermal Jet southward. The 500 mb flow, as well as
the low-level flow, had a component across the thermal gra-
dient so as to cause colder air to bhe advected southward
into the north central Unlted States. It appears that the
equation welghted the advectlion of znticyclonic thermal
vorticlity into the north central United States to the point
of forecasting thickness lncreases rather than decreases.
Results of the verificatlion studles carried out cn the
month's data indicate that the forecast equations tend to
consistently overwelght the vorticity advection effects,
and underwelight the effects of thermal advection.

Case U

This case will not be discussed in detail. This
was the case of a poor 500 mb forecast and a good 1000 mb
forecast (Figure U4.14). The 500 mb errors were small and
scattered. The low correlation indicates that the forecast
and observed changes patterns were out of phase, and the
ma Jor error apparently was one of not moving the systems
fast enough from west to east, The initlal thickness
pattern was almost identical with the 500 mb pattern as
the surface flow was weak. The thickness forecast was
similar to the 500 mb forecast with errors of similar size
and location. When the thickness forecast was subtracted
from the 500 mb forecast the errors cancelled and the re-
sult was a 1000 ... prognostic map with practically no
errors. The simllarity of the two forecast equations 1is
shoan here by the similarity of the thickness and 500 mb
forecasts and the error distributions starting with sim-
ilar patterns.

4.6 The Thermotropic Model as a Forecast Technique

The thermotropic model can be regarded au a
practical operatiounal forecasting technique considering
both accuracy and time involved. There are several ad-
vantages in numerical methods over the conventional
field techniques. Numerical weather prediction is an
obJective technique, not subject tc errors of oversight or
the physical or mental conditions of a forecaster. The
assumptions made in developing the equations are at least
internally consistent. While their solution requires no
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knowledge of preceding weather in forecasting for a limiteqd
area, boundary conditions are required which may include
information cf past weather. Numerical methods are con-
sistent in that they wlll always give the same forecast
with the same 1nltial and boundary conditions, and offer
the mean vertical motions in the 1000 - 500 mb layer as

a by-product of the forecasts. Finally, a number of factors
contributing to pressure changes can be more exactly
welghted individually and collectively by numerical methods
than by subjective technlques; vorticity advection effects,
for example, are objectively determined. An important as-
pect of numerlcal methods is that they are still in the
development stage and can be expected to show continued
improvement with time.

Some disadvantages are also evident in this and
other numerlcal models. First, one may mentlon that numer-
ical methods are sensitive to errors in analysis; the
analyses of initial data must be smooth and accurate to
obtain best forecast results. Sparse data over a region
are more of a handicap when using numerical methods than
when using cthe conventional field techniques; data are
generally required over a much larger area than the area
of forecast results, Second, arbitrarily assumed boundary
values produce errors, and errors are introduced by [inite-
difference methods of solutlon and other mathematical
approximations. Most models now in use do not yet have
provisions for taking the terrain effects and thermal
source effects Into account. Therefore, additional errors
are Introduced into the forecasts from these sources. As
far as the equations are concerned, pressur systems act
the same over oceans and continents, over warm sources
and cold sources, Strong cold polar outbreaks into the
United States in winter normally occur with a strong
agenstrophic component to the winds in the levels below
500 mb; quasi-geostrophic models, such as the thermotropic
model, cannot predict the changes occurring due to this
cold alr advection. There are some cases in the January
1953 series where the numerical forecasts missed strong
surface pressure bulldups which occurred with strong low-
level cold alr advection. The area of the grid which
was most affected by thls type of error was Jjust east of
the Rocky Mountains along the United States - (Canada
border,




-

4.7 Summary

The tests carried out on the thermotropic and
barotropic models indicate that numerical prediction has !
develcoped to a point where usable forecasts can be made
on a routine daily basls at upper levels and near the
earth's surface. Comparisons between numerical methods
and conventlonal fleld techniques using the same data
show that the numerical methods are consistently as
accurate a forecasting technique as other available
methouas., The thickness equation in the thermotropic
model apparently forecasts as accurately as the 500 mb
equation, but the overall accuracy of the 1000 mb fore-
casts 1s somewhat lower than the 500 mb forecasts due
to the accumulation of errors from both t!'2 500 mb and
thickness forecasts.

The barotropic and thermotropic 500 mb fore-
casts ere so similar, as shown by the statistical
study o.' Section 3, it must be assumed that (1) the
equati~ns themselves are, 1n effect, nearly identical,
(2) the methods of computation influenced the results
to such an extent that the results were forced to be
similar, or (3) that January 1953 was a month in which
the atmosphere was equivalently “harotronic throughout.
Cases such as those of 8 and 9 January make the third
assumption appear unlikely. Sections of the maps on
these dates showed very strong thermal advection and
yet the barotropic and thermotropic forecasts were
similar in these regilons.

There are a number of causes for errors in the
numerical methods which must be eliminated in order to
improve further the technlque.

(1) The mountains in the western United
States and Canada are important as a flow barrier and
as a thermal barrier between the cold polar source in
Canada and the relatively warm Pacific Ocean. The effects
of the terrain should be included in numerical methods to
improve the forecasts riear mountairnous areas.

(?2) The method of boundary specification
should be improved in order to reduce th2 errors intro-
duced by the computations involving incorrect boundaries,.
The results of these tests have shown that the boundary
errors are occasionally an important influence in the
forecast even at interior grid pointc.
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(3) The quasigeostrophlc character of the equa-
tions should be altered in order to account for the effects
of strong thermal advection due to a nongeostrophic wini
component. There were several cases of polar outbreaks
occurring during the month which were misforecast by the

model.

(4) The method of computing and advecting vor-
ticities apparently produces errors under certain condi-
tions. With strong shear conditions, for example, there
is a tendency to produce too great a helght change down-
stream, which 1s particularly noticeable in several cases
where strong antilcyclogenesis was predicted in a region
downstream from a region of strong anticyclonic shear.
This anticyclogenesis was not observed. In some cases,
when the vorticity advection and thermal advection were
working to produce helght changes of opposite sign, the
vorticity advection was emphasized by the equations with
the result that height changes of the wrong sign were
predicted.

(5) A predicted 1000 mb chart may not best be
obtalned by combining thickness f{orecasts and 500 mb
forecasts. Errors are accumulative In most cases, re-
sulting in a decrease in the accuracy of the 1000 mb
forecasts, as compared with the indlvidual 500 mb and
thlckness forecasts.

The fact that the thermotroplc model employs
thickness forecaste !5 synoptically interesting. Thicok-
ness patterns relavive to storm tracks and the development
of systems have been the subject of many synoptic studies,
lncludln§ra comprehenslive study by Sutcliffe and
Forsdyke;- and Interesting appllcations bLy Gr:'roz"ge'O and
Owens.”' The numerlical predliction preject has used the
thickness forecast only 28 a means . obtalin a 1000 mb
forecast, and the verification program was concentrated
on the 500 mb and 1000 mb forecaut . The only thlokness
forecasts evaluated thus far are included In the present
study. Considering the general interest of meteornla-
g£lsts, particularly synopticlans, in the thlickness mag,
a more complete study of the numerical thickness loere-
cast is in order.
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The continued development of numerical methods
promises to produce better forecasts in the future. The
meuntaln effects can and should be incorporated into the
equations. The boundaries can be moved far from the
region of forecast interest to reduce their effects or
other methods of solution can be employed. Continued
research should provide answers as to the best methods
of vorticlty computation and advection, the inclusion of
nongeostrophic wind components, and the best levels at
wnlch to employ the numerical methods. It is hoped that
numerical methods will eventually be able to supply the
synoptlc meteoreclegist with an accurate, objective
prognosis cf the flow patterns from which he can predict
the preclpitation and cloud condition by associated
studles, and by consideration of local influences on
the overall weather pattern.

Gensral Summary and Conclu: 'on

U

The seriles of numerical forecasts described in
thls report constitutes perhaps the first extenslive
study of the barotropic and simple baroclinic nonlinear
atmospheric models over a :ide range of synoptic con-
diticns, and lay the groundwork for the further system-
atic study of the behavior of numerical prediction
models. The further research suggested by this work,
which has besen discussed in sections 3.6 and 4.7 in
connection with the statistlcal and synoptic forecast
evaluations, stems from a number of general character-
Istics of the results and shich may be summarized as
follows.

{1) Perhaps the most striking characteristic
of the numerlcal forecasts ts the high degree of similar-
ity between the barotropic and thermotropic predictions
for the %00 mb level. In «ach case of the series of 60
forecasts, mad: from the initial data observed every 12
nours at G332 and 152 during the entire month of January,
1955, the barotropic solutions have been found to account
for the position and orientation of the large-scale dis-
turkances. In some cases important differences in the
forecast amplitude changes of the disturbances were found
between the two models, but .ere on the average small and
not signiflcanutly different on the statistical basis of
the correlation between predicted and olserved chinges.
This evidence reflects the quasi-barotropy of the atmos-
phere on an average basis, und strongly suggests that the
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baroclinic component of the flow introduced by the thermo-
tropic model at 500 mb is in gener . relatively small, and
that for 24-hour forecasts, at least, the atmosphere may

be considered either equivalent-barotropic or thermotiopic
for the purpose of predicting the flow iIn the middle tropo-
sphere.

(2) A second important characteristic of the
numerical forecasts is the marked influence of the lateral
boundary conditions imposed during the relaxation process.
These conditions not only seriously altered the computed
changes in the immedlate vicinity of the boundaries, an
effect which was, of course, antlicipated, but in addition
frequently extended thelr effect well intc the interior
of the forecast area. For those cases Iin which there was
a large change in contour height imposed on the boundary,
the predictions are in general noticeably pcor; this
circumstance frequently occurred over the northwestern
U. S. and southwestern Canada. These btoundary effects in
general appear to have affected the barotropic and thermo-
troplc forecasts in much the same manner, and in the regions
near the boundaries probably account for the simllarity of
the forecasts.

(3) A third important featurc of the numei'lcal
forecasts is the high level of both statistical and syuop-
tic performance over the eastern half of the United States.
In this area, the 24-hour forecasts for both the 500 and
1000 mb levels correlate with the observed changes at 0.8
- Q.9, and consiste:..ly display the correct position and
orientation of the large-scale disturbances, as may be scen
rromoan Inspection of the mavs i the Appendix. The flelds
of computed vertical motlon olso bear out many familiar
synoptlc relations between the vertical velocliuvy and the
synoptice pavtern. A tendency is evident, however, for the
models to sllighntly underforecast the observed latencity
changes and the speed of propagation of well developed
dicsturbances. On an average basls the moedels appedar to
produce better forecasts in the eastern and southwestern
U. S., with poorer average performance {n the central
plualne States. This average behavior 1s suggestive of un
important effect of the Rocky Mountains upon the flow, and
in several specific cases the terraln-free eqguations were
unable to predict adequately cyclogenesis in the lec¢ of the
western mountains.
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In studying the errors of numerical forecasts,
not only must the phvsical approximations introduced in
the models be kept in mind, but the errors introduced by
vhe numerical methods of representation and solution
themselves must be considered. Through the use of a
speclally prepared set of synoptic charts embodying all
available data, 1t is felt that the purely observational
and analysls errcrs have not seriously affected the over-
all character of the present series of forecasts. I. tou
reglions most likely free of tue destructive =2flects of
erroneous boundary conditions and of the effects of
mountainous terrain, namely the <astern United States,
the forecasts' errors in many cases suggest an important
effect of the relative vorticity in comparison to the
coriolls paramster. This effect, it will be reccalled,
was omltted from the thermotropic equations and may
partially e~ .. 1n the obscrved tendency of the equations
to over-de.. ivg anticyclonic dlsturbances and to under-
deveclop cyclonic disturbances; in the atmosphere, there
is observed, of course, an asymetrical development cof
these disturbances, whereby the cyclone experiences the
greater amplitude change. Thls effect, together with
the systematlic truncatlon errors introduced by the use
of spatial finite-difrerences, may account for the under-
forecasts of the speed of many disturbances. n some
cases there appears (o Lo an appreclable err. , especlally
in the 1000 mb forecasts, due to an Inadequate representa-
tion of low-level tcmperature gradlents by the 500-1u b
thickness pattern; these c¢rrors may alse be due Lo the
neglect of the so-called "tuisting” terms and to the
neglect of the effects of the vertical advection of vor-
ticity, which «will be most serious in reglons of strong
vertical motion.

From the presen: tests of the varotrople and
thermotrople models, one cannot, of course, expect a
complete documentation of all of the vorticity generation
and transport effects operating In the atmospbhere. It s
felt that the present tests have shown, houvever, that
even these relativel: simple models are capable of account-
ing for a large portion of the observed behavior of the
large-scale atmospheric disturbances, and that in areas
free of the more obvious sources of error, perform at a
level comparable with if not slightly In excess of that
achleved "y the conventional synoptlc forccast techniques.




Much further research remains to be performed in crder to
gain a clearer understanding of the behavior of large-
scale atmosmheric disturbances; research is in progress
at the present time to investigate more fully the effects
of the lmposed boundary conditions, the effects c¢f moun-
talncus terrain, and the effects of the use of finite-
differences, as the first stages of a program to isolate
and study the specific effects of the varlous physical
processes themselves. At their present stage of devel-
opment, however, the present techniques of numerical
prediction are felt to be suitable for operational ap-
plication from the standpoints of feasibility, economy,
and overall rellabllity.
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APPENDIX

On the following pages are presented the 24-hour
numerical forecasts prepared from the thermotropic and
barotropic models from each 1500 G,C,T. synoptic chart for
1 January through 31 January 1953, a total of 30 cases.
Each day's forecast: are presented in a series of eight
maps on two pages arranged as follows. 1

On the first page of each forecast:

upper left - the observed initial 500 mb
map (initial conditions).

upper right - the observed final 500 mb
map (v.rification).

lower left - the 24-hour barotropic 500
mb forecast.

lower right - the 24-hour thermotropic
500 mb forecast,

On the second page of each forecast:

upper left - the ovserved initial 1000 mb
map (inltial conditions).

upper right - the observed final 1000 mb
map (verification).

lower left - the vertical velocity computed
from the thermotropic model at
the time of the initial map.

lower right - the 24-hour thermotropic 100C
mb forecast.

107




N .
o
: 1
[N . ‘ ‘
,_\ Y -
' Y
i R
LN -
\ A
N
L -
MQYM Imc‘u

S0C W

JAN 1983
.-o" A A VY o “.po
PN . o o
. » !
‘ Co '4'" [
- . '
>
-~ . - - "
- K !
) - - - . |‘§ f‘ ,’
: /
.‘ - 'A',; (&
' E '}--‘."‘\ .
A T " ~
' e
. R -
R T
) .,a;:' . s
o Tae e
) % |
: P .
- _ - .
- .
.-
S i
A o

66

\ T
:\\

ﬂ “ﬂ‘u\q‘u @
'\ \: \\H\

wf ‘Y‘Gn

/




2 JAN 1957

LA L ) ]

oM W ol

FomEcayt

T A T RO

%
b

PYA TN N

LR S "

L2 1Y

Ot




»
RN —
o
_
S R R O | 3 -
1”. ;H - ,...‘/.t L]
[P - Sy R N
- AR T R -
[y 15 « R
R N
. . AY Ty M
W“ . S Y N .ru- ..... P
s Tt ,...,m.,a..;u v AN .
IS : T P
'y . IR
5 e DY
LI Lo leme L,
: S ,
-2 . - - . ﬂ
s - . ,.\. ’
; ) A S
L
v - A
- . !
PR e P g u
. _ R
. . o » P m*
» ......._. J e I o
, : _ - B JERTE:
Lo e e T mm
i s L.
TP SRS &3
K Pty ‘ .\«\ m~
L. <
A 3% SO N ‘ .




DARG TROPY

Y
*
N .
N
1] AN
o
N N
NN
..
N oY
K h
\
N .

tL"

200 CANY 60

- %

* g AN TIOPY

500 w8

1OME CASY

[-Y4 3 JA: 1983




2 JAN 1933

! i, b
.,

Vg L

WOTION KN u()

AEATICAL




c B A | ¢ R \‘w N . f‘u R
o ¥ N w, oy e R, B PREHOTAORC  FORCCAST 300 W 18 4 an 93
PARCYROMY, FURLCASY b T 4 4 JAN M) H F—




- - - . -
i H i
. sobe A an
~.

-t . 3\ "\\ .
. FEN ‘\\ S

W
FONFTASY

A
T M0 T RO

N
AATIA BOTOA KM ST A 000 W el

e RN
4 JAN 1953

e

o

Do)




S JAN 1983

A wo—

fORCCASY

T R0 TROMC

I

7 ORLTASY

SANRGTROPG




demndh

L g senns

VIRTICAL  MOTON

.
V4 ".
¢

L P «

:- ‘- ‘. -
\c. (’\

4

]

KN NCY 00000 M9 8T

L]

.-

P Y
4

.
)
y
i
‘

BN

a

R

THl B0 TROPY,

0

rFoRtCast

S e _~ . A-.v-.%/. ;,4\.‘“

sl 4 S

T - T
0oy e nr




“:-« N al
S JAN 1983

a . .l O -
[wom FORECAST 300 w8

500 M8 B2

6 JAN 1953

s
\_{ . o/.‘-'

e val b A& . .
UGSl T

5 M

R
I+ e
- .

e




6 JAN 1933

S JAN 195}

——

MOTION KM SECT)

TVERNITAL




—_———
—

B e S

.

. 300 M8 82 & JAN 1983 ; ' yo )
. ol ; 500 MB 152 T JAN 1953

N - ~ . B »
ERRR W :,.‘\ B AR .
DN N s .
T v +
DA N PN P e
‘1 . ‘\" - [t rFl
4 * N ."‘,“‘- v e e
Y - ~
- ~ N P
~ - . -
ot v . PR
RS - - » -
¥ - N
. T e f . .
A : - - e “
LY
- . v
- ~- . .
v ,
» . .
3 - .- )

P . )
DAROTROMY S Gl LARY oo WS- ©Lan ey LT AMOTROMC  FOMETAST 300 MM %7 T AN W)




S dh

/ e

!
000 M8 132 T JAN 1953 J

R R | AN
DERMO TRANG  FORECASY 000 MR

OEATICAL WOTI0N KN




* JAN 1353

300 M@ B2




7 JAN 1953

. ~ N T et .
- h P
. P REFSE L
T faa .
. . B L X
. ¥
* > D
.

TERMOTROMC 7 ORECARY 000 W 14 ¥ AN 94y




LTUNRE
Yot CA
31
a0 ua
%7

N




AR Rt \

ek

PRRTE




10 JAN 1953

300 M8 B2

™

g i
00 W Wy

TORYCASY

| rnormonc

e

G AN A

- — -




Xl »h . . . ‘ :'v _- X ! ‘;-‘: ; . . - .t . 4 , , Y.: . ! N -
, o ' . ‘. . K “, . ! - ., . .‘ . . . . T AN . a . ‘)! ® ! / ./' I, e N N .
-‘a, et . e . ‘\ k . Y IR L. -\« .J. }.’ l’l—f’é \ .\ :
R B S SR Do N ek Josioh /Y T\ !
UARTICAL WOTION 1OM BECTT 00000 W 1Y 9 Jan msj : FORECAST  ©OO M@ B2 & eIy
. . S e em e veen e e e e ~ . - - - . . . +




L
800 M8 52

PR P d.‘s
FORECAST 200 W [ 4

t1 JAN 193)

P D .
i ;"\P 3 :
.. PR 3 :
< e

A

™

P —— ’< “
T -
Ry W

R




10 JAN 1953




500 M8 B2

FORLCASY

T B Y - N CHTTTN L Do L SN
11 JAN 1983 s S soMe B2 2N o

- .

3




e
[

Yoy~

1
S nie
VT ey
e b
AR TSN

Fiad

e

AN

CARTICAL MOTION G SEC™Y

e N

1000 M8 182 12 JAN 1953




N S
T
BAROTROPC

ORTCASY

.ia

RS2

b

. :N.‘.
12 JAN 1963




STVEE RN

1
: . .

.‘ I Tl R o e BTG
s

b

. . " . . ; . " .
1000 M8 182 t2 JAN 1933 - t 1000 M8 187 l? JAN I953” .

—- UL A

L URTEAL




R

13 JAN 1933

R
R g
* esda

A

800 M8 W7

L d
«hal

Rodherdiindd

L

-

I S S
THEQWOTROMC FORLCASY

— it
v esly '1'30‘

14 JAN 1953

PRI




13 VAN 1953

”

.

MOTICN KM sec’

§)

TWVEATICAL

Y

gyt Gttis




e

R SRR
S 2

! TW{MMOTROMG  FORCCAST
(Ol




13 JAN 1933

152

1000 M8

¥ ‘
W0-000 M0 17 4 ik 4s}

Fd -
m 7
E -}
. 4
. o
-, Al

.

g g

k 3

- ]

5.

® |

4

. ¥

"

i - ¥




;
. .
m“:
nunlz
'
o
ca

3




e

+

R ALY

7 .
. .
‘5/ . N